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DETECTION OF OXYGEN ATOMS IN A RAREFIED 
FLAME OF CARBON MONOXIDE WITH OXYGEN 
WHEN SMALL AMOUNTS OF HYDROGEN ARE ADDED 


V. V. Azatyan, L. A. Akopyan, A. B. Nalbandyan, 
and B. V. Ozherel'ev 


Institute of Chemical Physics, Academy of Sciences, USSR 
(Presented by Academician V, N. Kondrat'ev, May 31, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 1, 
pp. 129-130, November, 1961 

Original article submitted May 24, 1961 


The low-temperature combustion of carbon monoxide catalyzed by small additions of molecular oxygen in 
the vicinity of the first limit of self-ignition is explained by the following set of elementary reactions [1-4]: 


OH + CO = CO, +H; O-+H;=OH+H; H- wall — chain 


From the chain mechanism of the reactions it follows that very high concentrations (many times exceeding 
the equilibrium values) of hydrogen atoms, oxygen atoms and hydroxyl radicals must be built up in the combustion 
zone. From the given scheme, when one takes into account the rate constants of the elementary reactions [4-6], 
it also follows that in flames of these mixtures the concentrations of hydrogen- and oxygen atoms must be com- 
mensurate and many times higher than that of the OH radicals. 


destruction; O-+ wall — chain destruction. 


In moist flames of CO and OQ, mixtures where the catalytic action of water is analogous to that of hydrogen 
[2] V. N. Kondrat'ev, in fact, detected hydroxyl concentrations by far exceeding the equilibrium value [2]. By the 
method of the thermoelectric probe [7] it was established that in flames of these mixtures there exist high concentra - 
tions of active particles recombining on the specially treated surface of the probe. When taking into account that 


the hydroxyl radical concentration is much less than that of the H and O atoms and that 
the diffusion coefficient of O is smaller than that of H the authors think that the re- 
combining particles are H atoms. 


Until recently, straightforward experiments for the direct detection of H and O 
atoms and for measuring their concentrations in flames of CO and O, with small addi- 
tions of H, did not exist. Of late we succeeded to detect by means of the EPR method 
in these mixtures hydrogen atoms in concentrations _ several orders of magnitude ex- 
ceeding the equilibrium values [8]. 


The present study was devoted to detecting O atoms in rarefied flames of CO and 
O, mixtures containing small additions of molecular hydrogen. For this purpose we used 
the EPR method. The experimental procedure has been described in a paper by V. N. 
Panfilov, Yu. D. Tsvetkov, and V. V. Voevodskii [9]. In order to obtain the smallest 
possible effectivity of atomic recombination on the surface of the reaction tube the 
latter was rinsed consecutively with hydrofluoric acid, distilled water and coated with 


potassium tetraborate. Then the tube was treated several days by a stationary flame in a current of a CO and Q, 


mixture containing added Hj. Such a treatment allowed us to obtain flames of these mixtures at pressures not ex- 
ceeding 1.5-2 mm Hg in the temperature range 600- 650°. 


The experiments were done with a stoichiometric mixture of CO and O, containing up to 7% Hz at a flow rate 


equal to 82 cm®/min (linear velocity 18 m/sec) and a pressure of the mixture equal to 5.5 mm Hg. The temper- 
ature was varied between 607 and 650°. 


815 


He con- 
tent in the 


Under these conditions an EPR signal of atomic oxygen having 
a g factor equal to 1.5 and consisting of one component was recorded. 


mixture, | Par” jpartl” 
’ | cles/enf|cles/cm The spectrum of atomic oxygen, as was obtained at 645° with 


a mixture containing 2.7% hydrogen. The value which we found for 
the g factor coincides with that known in the literature for atomic 
oxygen obtained in a discharge [10-12]. As has been shown by Ultee 
[12], the shape of the spectrum in an essential way depends on pres- 
sure and at pressures exceeding 0.02 mm Hg the four components 
resulting from the *p, state merge into one line. 
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Together with the determination of the concentrations of O 
atoms we did parallel measurements of those of H atoms, 


In a stoichiometric mixture of CO and Q, at 610° we studied the relation between the H, content and the 
concentrations of H and O atoms. From the results of the measurements which are given in table it follows that, 
in fact, the concentrations of O atoms are commensurate with those of the H atoms and that both concentrations in- 
crease, when the H, content in the mixture is raised. But the (O)/(H) ratio decreases from 4.5 to 0.9, when the H, 
content is raised from 1.1 to 6.9%, 


When the temperature is raised from 607 to 650°, then in the mixture containing 3.8% Hg the concentration of 
H and O atoms increases from 2.9 10" to 4.1 - particles/cm® and from 4.6 - to 7.8 10'4 particles/cem®, 
respectively. 


From the values found for the concentration of H and O atoms it follows that the sum of their partial pressures 
may attain 2% of the total pressure. 


It should be noted that the very high concentrations of oxygen and hydrogen atoms which we have found 
do not completely give the actual concentrations of these particles in the flame, where, evidently, their concentra - 
tions are still higher. The method which we have used allowed us to measure the concentrations of atoms not in the 
flame itself but only at a distance of about 10 mm from it. 


We have undertaken more detailed investigations of the O and H concentrations as a function of the various 
parameters and this study will allow as in the fugure to come to a more accurate determination of the relation be- 
tween the concentrations which we measure and those existing in the flame itself. This will also allow us to come 
nearer to the complete clarification of the oxidation mechanism of CO. 
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THE MECHANISM OF CHAIN 


INITIATION WHEN CYCLOHEXANOL 
IS OXIDIZED 


E. T. Denisov 


Institute of Chemical Physics, Academy of Sciences, USSR 
(Presented by Academician V. N. Kondrat’ev, May 31, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 1, 
pp. 131-134, November, 1961 

Original article submitted May 24, 1961 


Since oxidation in liquid phase is a chain reaction, it starts with the formation of free radicals in the original 
substance containing dissolved oxygen. As yet the mechanism of this type of reaction has not been studied, although 
an investigation of such reactions is of considerable scientific interest. In the literature on hydrocarbon oxidation 

the prevailing opinion is that at the start of oxidation the free radicals are formed by the reaction 


RH + 0,-> + HO). (1) 
However, a calculation showed that this reaction would give a formation rate of free radicals which is much smaller 
than that found in the experiment [1]. For this reason for oxidation in liquid phase a trimolecular reaction of free 

radical formation was proposed as an energetically more efficient one [1]: 


RH 4- O2 RH — 2R°-+- (2) 


Besides the original substance and dissolved oxygen, various contaminations, in particular, the peroxide which is 
slowly formed at room temperature may participate in the formation of free radicals. Only the experiment can give 


the definitive answer to the question by which mechanism free radicals are formed in the original substance when it 
is oxidized. 


In the present investigation the mechanism of free radical formation in cyclohexanol in the presence of oxy - 
gen was studied by means of an inhibitor (a-naphthol). The inhibitor was only consumed in the reaction with the 
free radicals and thus the rate at which it was used up specified the rate of free radical formation. Per one in- 

hibitor(naphthol)molecule two peroxide radicals go lost [2]: 


InH + RO, > In’ + ROOH, 
In’ -+ RO, > InOOR. 


Therefore, the rate of radical formation Wy = 2 (—d[fnH]/dt). The presence of the inhibitor retarded the accumula - 
tion of peroxide decomposing to free radicals and in experiments with the inhibitor we succeeded to follow during 


a quite long time the formation of radicals resulting exclusively from the reaction between the original cyclo- 
hexanol and the dissolved oxygen. 


Cyclohexanol was chosen as the object of the investigation, because at present a systematical study of its 
oxidation mechanism is being carried out[3]. The experiments were done in acylindrical quartz reactor provided by a 
reflux cooler and a capillary tube via which oxygen was admitted to the reactor. The reactor was heated to the 
assigned temperature, the cyclohexanol (20 ml) containing the dissolved a-naphthol(10~*-1,5 - 1074 mole / liter) 
was poured in and after heating during five minutes the current of oxygen with a rate of 0.2 cm*/sec was switched 
on. In the course of the experiment cyclohexanol samples were taken from the reactor and their a-naphthol content 
was analyzed by the procedure worked out in the paper [4]. To the sample containing a-naphthol we addeda so- 
lution of parasulfophenyldiazonium sulfate and a small amount of alcoholic alkali; the amount of isodye formed 


was determined colorimetrically with a green light filter, The inhibitor concentration was determined with an ac- 
curacy of 40.7%, 


: 
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700 30? min 
Fig. 1. Kinetics of a-naphthol 
consumption in cyclohexanol at 
121° (1) and those of peroxide ac- 
cumulation in the presence of the 
inhibitor (2) (for the peroxide 
concentration the scale was re- 
duced by 100 times) 
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Fig. 2. 1) The rate of free radi- 
cal formation in cyclohexanol 
plotted versus oxygen partial pres- 
sure at 111°; 2) this same rate as 
a function of cyclohexanol con- 
centration at 121° in the pres- 
ence of oxygen; the said rate in 
nitrogen atmosphere; 4) the rate 
at which radicals are formed by 
the interaction between cyclo- 
hexanol and oxygen plotted ver- 
sus the square of the cyclohexanol 
concentration. 
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A kinetic curve of inhibitor consumption in cyclohexanol at 
121° is shown in Fig. 1. During the first 100 minutes the inhibitor 
is consumed at a constant rate, iater on the rate rises and this is 
connected with the accumulation of peroxide. o-Naphthol is ared- 
ucing agent and one may expect that it reacts not only with free 
radicals but also with dissolved oxygen. Special experiments showed 
that in chlorobenzene in the presence of oxygen at 121° no a-naph- 
thol is consumed, Consequently, under the condition at whicl our 
experiments were carried out the consumption of inhibitor takes 
place only by the reaction with free radicals. The formation rate 
of free radicals in cyclohexanol oxidation, as was found from the 
initial slope of the curve for inhibitor consumption, was equal to 
8.3 - 107° mole/liter - sec (at 121°), From Fig. 1 it is evident that 
measuring the consumption of inhibitor in the substance oxidized 
gives Wo values which are more reliable than those determined 
from Wo = 2 [InH ]9 /tjnh where tinh is the induction period caused 
by the initial concentration [InH}) of the inhibitor. In the latter 
case the value of Wg is more or less too high because peroxide ac- 
cumulates during the induction period. By measuring the initial rate 
of inhibitor consumption we were able to determine Wy with an ac- 
curacy of 4 0.5 10°’mole/liter - sec. 


In order to clarify the mechanism of radical formation in the 
system cyclohexanol plus oxygen it is necessary to establish the rela - 
tions between Wo and the following parameters: the oxygen con- 
centration (or its partial pressure), the cyclohexanol concentration 
and temperature. The relation between W, and the concentration 
of dissolved oxygen was determined in experiments at 111° with an 


a-naphthol concentration of 2.5 - 10~ mole/liter, whereas from experiment to experiment the partial oxygen pres - 
sure was varied by diluting it with nitrogen while the total pressure was maintained at 1 atm. When the partial 
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oxygen pressure was raised, Wo increased linearly: Wo = W'y +a Po, (Fig. 2). The fact that in the absence of dis- 
solved oxygen Wg is not equal to zero indicates that there are formed radicals in reactions without participation of 
oxygen (evidently, because contaminations present in the cyclohexanol decompose under formation of free radicals). 
The linear increase of Wy with raised PO, points out that the free radicals are formed in reactions in which one oxy- 
gen molecule participates, It may be supposed that the finite value of W's results from traces of peroxide formed 

in cyclohexanol during storage. An iodometric analysis showed that the original cyclohexanol contained 1.6 - 10-4 
mole/liter peroxide. For the peroxide formed in the oxidation of cyclohexanol the rate constant of the decomposi- 
tion into free radicals at 111° was about 6 - 107’ sec™ [3]. Consequently, the peroxide may secure a free radical 
formation rate of 10-" mole/liter sec, which amounts to not more than 5% of W'y and 1.4% of Wg at PQ, equal to 

1 atm. When the reactor made from quartz glass was replaced by one made from pyrex glass, the formation rate of 
free radicals did not change and this proves the homogeneous character of the said formation, Further experiments 
showed that W', varies from one series of experiments to another (each series was done with one and the same so- 
lution of «-naphthol incyclohexanol) and is connected with accidental contaminations getting into the cyclohexanol. 


The relation between the formation rate of free radicals and the cyclohexanol concentration was investigated 
at 121° and a a-naphthol concentrationof 1.5 - 10~* mole/liter in experiments where cyclohexanol was diluted by 
chlorobenzene. The experimental results are given in table and Fig. 2. As is evident from Fig. 2, Wo decreases, 
when the cyclohexanol concentration is lowered and in pure chlorobenzene it is equal to zero. 


From Fig. 2 it is evident that W'» is proportional to [RH] and Wo” to [RH]”, In order to establish more exact - 
ly which is the reaction order with respect to cyclohexanol one must plot log We as a function of log [RH], deter- 
mine from the slope of the straight line the reaction order with respect to cyclohexanol and apply a correction for 
the fact that the concentration of dissolved oxygen changes when cyclohexanol is diluted by chlorobenzene. For 
[RH] varying between 9.6 and 5.8 mole/liter Alog Wo */ Alog [RH]= 2.3 + 0.2. When cyclohexanol is diluted by 
chlorobenzene, the partial oxygen pressure is lowered, because the vapor pressure of chlorobenzene is higher than 
that of cyclohexanol. The concentration of oxygen dissolved in heated cyclohexanol was determined in auto- 
clave equipment at 110° and an oxygen pressure of 10 atm. Under these conditions one liter of cyclohexanol dissolves 
0.095 + 0.010 mole Q,, Therefore, one must take into account the change in concentration of dissolved oxygen just 
resulting from the changed partial oxygen pressure 


WO: = k|RH|"Po,; 


A lg WO = nAlg[{RH] + Alg 


Alog Po, 
Alog 


Alog wo Alog Po, 


a= 


At 120° for pure cyclohexanol Po, = 560 mm Hg, for pure chlorobenzene Po, = 225 mm Hg, for a 1 : 1 mixture of 
cyclohexanol and chlorobenzene one may take PQ, = 393 mm Hg, hence 


A lg Po,/A lg [RH] = 0,15/0,30 = 0,5, 


n= 2,3—0,5 = 1,8+0,3, 


that is, practically n= 2. This proves that in cyclohexanol the free radicals are formed in a reaction between one 
oxygen molecule and two cyclohexanol molecules, that is, in the case of cyclohexanol the trimolecular mechanism 
of chain initiation proposed in the paper [1] is realized. 


Since we know the solubility of oxygen in cyclohexanol, we are able to determine the absolute value of the 
rate constant for reaction (2). At 111° and a total pressure of 1 atm Po, = 630 mm Hg, then the concentration of 
dissolved oxygen is 7.9 - 10 mole/liter, the cyclohexanol concentration in the liquid phase is 9,6 mole/liter. 

Wo 2 = 5.1 mole/liter sec, hence k = 0,7 - 1078 liter’/mole? sec. Experiments at various temperatures en- 
ables us to find the activation energy; it is equal to 12 4 2 kcal/mole, However, the actual activation energy is 
somewhat higher, because, as temperature is raised, the cyclohexanol vapor pressure increases and the partial oxy - 
gen pressure and the oxygen concentration in the liquid phase are lowered. At 111° Po, = 630 mm Hg, at 130° it 
is 490 mm Hg. This lowering of the oxygen concentration decrease the activation energy by 4 kcal/mole, Con- 
sequently, the actual activation energy for the trimolecular formation of free radicals is equal to 16 kcal/mole. 
The rate constant of this reaction is expressed by the relation 


k = 8,3 exp(—16000/RT) liter” /mole® sec. 
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DIFFERENT RATES OF FILTRATION OF ANIONS AND CATIONS 
THROUGH FINE-PORED FILTERS 
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In geochemistry at present attention is being paid to the hypothesis of acid-base hydrothermal differentiation, 
put forward by D, S, Korzhinskii [2]. According to this hypothesis the change in the acidity of solutions, which is a 
determinative factor in the evolution of postmagmatic solutions, occurs as a consequence of a difference in the rates 
of filtration of anions and cations during percolation of hydrothermal solutions through fine -pored rock, i.e., as a 
consequence of an acid-base filtration effect. 


We have conducted an experimental investigation of the acid-base filtration effect with 0.1-0.001 N solutions 
of the chlorides and sulfates of copper and iron. Preceding experimental investigations of the filtration effect [3-5] 
could not be utilized in our work since the change in concentration of the solutions during filtration was estimated 
by indirect methods (by change of electroconductivity). 


In studying the filtration effect, first of all the effects of sorption of the components of the solution by the fil- 
ter material must be excluded and estimated. Therefore we chose carefully purified quartz as the filter material 
and carried out experiments to determine the adsorption of the solutioncomponents on the ground quartz. The adsorp- 
tion experiments gave a negative result. They showed that within thesensitivity and accuracy of the methods we 
employed, adsorption of copper,ion, chloride and sulfate from dilute solutions (0.1-0.001 N) onto quartz did not occur. 


We carried out more than 100 experiments on the filtration of 0.1-0.001 N solutions of the chlorides and sul- 
fates of copper and iron through fine -pored filters of ground quartz, at room temperature (18-22°) and normal pres- 
sure. A quartz tube filled with quartz powder was used for the filtration, The conditions of a standard experiment 
were as follows. Dimensions of tube: D = 22-33 mm, 1 = 280-300 mm. Filter: quartz powder of particle sizes: 

1) 0.020-0.025 mm; 2) 0.015-0.019 mm; 3) 0.009-0,014 mm. Height of filter column 160 mm. Height of so- 
lution column above the filter was kept constant and equal to 110-120 mm, The solution above the filter was stirred. 


A test sample of the total volume of filtrate was withdrawn after definite time intervals. The size of the test 
sample was from 0.5 to 3.5 ml, Depending on the composition and concentration of the solution the following 
analytical methods were used: 1) the diethylthiocarbamate colorimetric method for the determination of copper; 
2) the thiocyanate (in absence of copper) and salicylate (in presence of copper) colorimetric methods for the deter- 
mination of iron; 3) the barium chromate and diphenylcarbazide colorimetric method for the determination of sul- 
fate ion; 4) the mercurimetric volumetric method for the determination of chloride ion. Errors of determination did 
not exceed 2-3% with a test sample of 0.3-1.0 g for a single determination. 


Two series of experiments were carried out. In the first series filtration of solutions was made through a filter 
which was initially dry, 


In all experiments a well defined change of concentration was observed according to the degree of filtration 
of the solution: a) the concentration of cations (Cu*+, Fe***) in the first test samples was less than in the original 
solution; b) the concentration of anions (C1~, SO,~~) in the first test samples was greater or equal to their concentra - 
tion in the original solution; c) according to the degree of filtration of the solutions the concentration of cations in- 
creased and of the anions decreased or remained equal to the concentration of the original solution; the initial part 
of the plots of C against vy or C against t shows the presence of diffusion; d) the effect of the concentration change 
in the first test samples was more evident in the more dilute solutions and varied for different components, In Fig. 1 
are shown for example, the results of some experiments on the filtration of 0.001 N solutions, 
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The concentration changes observed in the filtrate are due to different rates of filtration (filtration effect) of 
the cations and anions, which in turn differ from the filtration rate of the solvent. On passage of the solution into 
the fine -pored filter medium the initially unified stream of solution is broken up, differential movement of the so- 


~~o- = 0 


Fig. 1. AC, v experimental curves for experiments in which 0.001 N CuCk 
and FeCl, solutions were filtered through a dry filter. 


No. of Size of fil4Po- 
experi-| Solution ter parti- 
ment cles, mm _ |ity, % 
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0,001 N FeCl, 
0,001 N FeCl, 


0,001 N CuCl, 


0,001 N CuCl, 


,001 N CuCl, 


0,015—0,019 
0,015—0,019 
0,015—0,019 
0,015—0,019 


0,020—0,025 


An awe 
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lution occurs while the solvent and each dissolved component move at different rates. The cations progress more 
slowly than the solvent which leads to reduction of their concentration in the first test samples. The anions move 
simultaneously with or rather more rapidly than the solvent, and consequently the anion concentration in the first 
test samples is equal to or more than the concentration in the original solution. 
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The different rates of movement of the anions and cations showed upparticularly well in a second series of 
experiments, in which filtration of the solution was made through a filter previously saturated with water. The 
results of these experiments are shown in Fig. 2. It is readily seen that the greater rate of movement of the anions 
leads to their outstripping the cations during filtration. 


2 


Fig. 2. C versus y experimental curves for experiments in which 0.01 and 0,001 N 
CuCl, and FeCl, solutions were filtered through a filter saturated with water. Con- 
centration in hundredths and thousandths of a gram-equivalent. 10 and 10~ g- 

equiv. 


No. of Size of filter | Porosity,| Initial 
experi-} Solution Ion particles,  jconcen- | Point 
ment mm tration, 


25 {| 0,015—0,019 46.7 we. 
26 {| 0,015—0,019 47,2 we | 
27 0,001. FeCl, { 0,015—0,019 54,0 we 
129 0,001 N Cucl {| 0,015—0,019 45,0 we 


The experimentally observed concentration change in the filtrate is not only due to a difference in the rate 
of filtration of the ions, but is complicated by associated diffusion effects. The combination of the processes, oc- 
curring during filtration of a solution through a fine -pored inert filter, is described by the equation: 


OC;/Ot +- Wo +- woC;OG;/0x — D,6°C;/dx*? = 0, 


where Cj is the concentration of any component i in the solution; wg is the filtration rate of the solvent; x is dis- 
tance; t is time; Dj is the diffusion coefficient; gj is the filtration effect coefficient, equal to gj = wi /wo, as shown 
by D. S, Korzhinskii [1]; wj is the filtration rate of a component. 


Study of this equation shows that on passage of a solution into a medium with differing ¢j there first occurs 
a general non-stationary flow of solution by which Cj varies in each section. Since the filtration will tend towards 
a stationary state, which is characterized by C; = C°/q;, (dx/dt)c; =w; and W; =@,Wo, the non-stationary flow 
will be localized in the leading zone of the solution, where, owing to the difference of wj and wo, a concentration 
gradient will arise and diffusion will occur. The diffusion will oppose the differentiation of the substance which 


arises owing to the different rates of filtration. Thus it is evident that the lower the diffusion rate the better will 
be the filtration effect. 


It is always better to estimate the different filtration rates of cations and anions from ¢j, the filtration effect 
coefficient. Experimentally the following equivalent expressions are applicable for Pi = W;/Wo = fto/t; = vo/v;, 
where wo, Wj are the filtration rates of solvent and component i; to, t, are the times of filtration of solvent and com- 
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ponent i through the given filter; vj is the volume filtering through before appearance of the dissolved component; 
Vo is the volume of solvent in the filter (equal to the volume of the filter pores). 


The values of t; and vy; can be obtained from the experimental curves, provided that the effect of diffusion 
is excluded. 


Then v; = »—(¥ AC, Av, J Co, where ACp = (Cy, - C°) is the concentration difference between the 
1 


test sample (Cp) and the original solution (C°), and Avy = vp - Vn-1 is the size of the test sample up to Cp, vp the 
concentration and volume in the last test sample which is different from the original solution. 


The value of gj can also be calculated from the material balance during filtration, i.e., by assuming that a 
deficiency (excess of substance in the first test samples is compensated by an equal and opposite concentration change 


n 
in the solution in the filter. Then = / (crm — AC,, Aon). The results of the calculated and corre - 
1 


sponding experimental values of yj carried out by the two methods, with complete convergence of the results, are 
given in the tables with the figures. 


The experimental studies carried out show that during passage of a solution through a fine-pored filter a filtra - 
tion effect occurs, i.e., a differential flow of solution results during which each dissolved component has its own rate 
of filtration. Cations (Cu*+, Fe***) move more slowly than the solvent, the value of gj is different for different 
cations: gYCyt++ = 0.70-0.96, gre+++ = 0.80-0.96. Anions move at the same rate or somewhat more rapidly than 
the solvent, with the chloride ion moving more rapidly than the sulfate ion: gcj- = 1.00-1.30, yso, = 1.00-1.04. 
The value of yj depends on the concentration of the solution and the characteristics of the filter (density, pore size, 
etc.). 


Of special interest is the difference in the filtration rates of anions and cations; the difference AP = Qa — 9x 
= (W, —W,)/wo is 0.4-0.6 in 0,001 N solutions, This shows that during filtration of solutions through fine pored 
media an acid-base filtration effect occurs, in which the more rapid filtration of the anions causes a corresponding 
migration (change in concentration) of hydrogen ions, leading to an increase in the acidity of the leading flow of 
solution. 


The investigation reported here gives experimental confirmation of D, S. Korzhinskii's hypothesis of acid- 
base hydrothermal differentiation. 
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THE EMISSION OF POSITIVE MOLECULAR IONS 
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In order to study the surface ionization in strong electrical fields of atoms with high values for the ioniza - 
tion potentials, the sensitivity of the ion detector of the mass-spectrometric assembly previously used [1] was in- 
creased to ~ 107" amp/division by the introduction of a secondary -electron multiplier before the EMU-3 electro- 
metric amplifier. 


A study was made beforehand of the mass spectrum of the background of positive thermionic emission from 
tungsten filaments over a wide range of temperatures T, including low values of T at which a fairly intense non- 
stationary emission of positive ions with mass number 101 was previously observed [2]. The present communication 
gives further data on the emission of molecular positive ions from filaments of tungsten and other materials. 


Figure 1 gives a diagram illustrating the ion source. As usual, in order to obtain strong electric fields, the 

ion source was constructed in the form of a cylindrical condenser with a fine filament F extending along the axis 
of the cylinder [1, 3]. The diameter of the filaments varied between 18 and 

we 50 . The power liberated when these filaments are heated is insufficient to 
§ heat the armature of the source, which is important in this case. The cylinder 
Cz and the mass-analyzer tube M-A were earthed, the filament F was kept 
at a potential of + 1300 v, and it was possible to apply potentials of different 
magnitude and sign to the cylinder C,. Some of the ions formed on the fila- 
ment entered the mass-analyzer through the slits S,, Sp and S. In order to 
interpret the mass spectra it was possible to obtain reference lines by the sur- 
face ionization, on the filament, of molecules of alkali halides directed by 
the vaporizers V,; and Vz. The resolving power of the mass-analyzer amounted 
to ~100. 


— M-A 


The apparatus was evacuated by means of a TsVL-100 vapor-oil pump 
(working oil D-1-A) and a VN-461 forevacuum pump (VM-4 oil), The TsVL- 
100 pump was connected to the apparatus via a trap containing liquid nitrogen. 
All the measurements were carried out at a residual gas pressure of (1 -2):1077 
torr, with the trap filled with liquid nitrogen. The temperature T of the fila- 
Fig. 1. Diagram of the ion source. ments in the range between room temperature and the temperatures measur - 
able by a pyrometer were found from the values of the resistance R on the 
assumption that R is linearly dependent on T [4]. For filaments which had not 
undergone preliminary purification by thermal treatment, it was possible in this case to assume a systematic error of 
< 5%, towards increase in temperature, since it was impossible to know the exact value of the monochromatic black- 
ness coefficient of the radiation for the surfaces. 


With gradual increase in T for fresh unpurified tungsten filaments, the emission of positive ions with mass 
numbers 59, 85, 96, 101, 102 and 202, of which the line from m = 101 was the most intense, appeared at T ~ 400°K; 
this emission remained stable over a prolonged period of continuous observation for many hours, When the fila- 
ment was heated at T ~ 1100°K, there was a subsequent increase in the intensity of all the mass lines by two or 
three orders of magnitude, i.e., activation of the surface took place. The current density for m = 101 reached 10-7 
-10°° amp/cm’. Prolonged treatment of the cold activated filaments in forevacuum and in air did not reduce their 
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emission activity in high vacuum. The “built-up” noted in [2] was characteristic of ions of almost all masses: the 
instantaneous value of the ionic current when the filament heating is switched on increases with increase in the time 
for which the filament has been disconnected beforehand. In a vacuum of (1-2) - 1077 torr, however, the build-up 
reaches saturation in a time of the order of several minutes, which is different for different mass lines (for example, 
3 minutes for m = 101 and 10 minutes for m = 59). 


With increase in the temperature of the trap containing liquid nitrogen and the continuous increase in the pres- 
sure in the apparatus, an increase in the intensity of the principal mass peaks is observed only in a certain range of 
trap temperatures, at which the volatilization of some organic substances apparently takes place. 


Mechanical cleaning of the surface of fresh filaments with fine emery paper and subsequent thorough washing 
with solvents leads to a sharp decrease in the ionic emission. Activation at ~ 1100°K and a pressure of ~2 - 107? 
torr restores the emission, however. When the filaments are heated to T ~ 1500-1600°K, there is an irreversible 
loss of emission not only for the line for m = 101 [2], but also for all the other lines. After deactivation of the sur- 
face in this way, only the characteristic emission of the atomic ions of the alkali metals present as impurities in 
the tungsten is observed. The deactivation of the filaments is always accompanied by an irreversible sudden change 
in the radiation properties of the surface, shown by a sharp change, at the temperature of the deactivation, in the 
curve obtained by plotting the resistance of the filament versus the power used up to heat the filament. 


400 500 600 700 800 909 °K 


400 500 600 700 800 900 °K 


Fig. 2. Relationship between temper - Fig. 3. Relationship between ionic 


ature and ionic current for different current and temperature for two values 
masses: 1) For m= 101 (102, 94, 96); of the electric field intensity: E,= 

2) m = 59 (97, 83, 109); 3) m = 81 (84); = 2.3 + 10° v/cm — solid lines; E, = 

4) m = 73 (60); 5) m = 85 (86); 6) for = 2.3 + 10° v/cm — broken lines. 1) 
CsCl. m = 101; 2) m= 59, 


The ionic emission of deactivated tungsten filaments can be restored by the oxidation resulting from ignition 
in forevacuum to a dark red heat. The spectrum of the ionic emission from tungsten surfaces prepared in this way 
is much richer than that from activated tungsten filaments and the intensity of many lines in the spectrum becomes 
very high (m = 59, 73, 81, 82, 83, 84, 85, 86,94, 96, 97, 98, 101, 109, 116, 123, 125, and 137), The lines with mass 
numbers 84, 85, 101 (current density j « 10~’-10-°amp/cm’) and 59, 94, 109 and 123 (j « 10-8-10-* amp/cm?) are 
particularly intense. 


Figure 2 gives typical curves showing the temperature dependence of the ionic currents from an oxidized tungsten 
filament for a number of mass lines. Some of the curves in Fig. 2 are similar to the analogous graphs for the currents 
for the surface ionization of atoms: for example, for m= 81 and 84, the relationships are the same as those for the 
surface ionization of atoms with ionization potentials Vi less than the work of removal for the surface y. For m= 85 
and 86, the relationships are similar to those for surface ionization for the case where Vi> g [3]. For the majority 
of masses, however, the temperature dependence of the ionic currents is more complex in character, which is prob- 
ably due to the fact that several competing processes take place simultaneously on the surface. It should be noted 
that the nonstationary character of the emission of ions with mass 101, observed in [2] by use of the flash method, is 
only apparent and is due to the nature of the temperature dependence of the ionic current for this mass. 


Figure 2 gives for comparison the curve for the surface ionization of CsCl molecules on an oxidized tungsten 
filament. It can be seen that T for the appearance of organic molecules and radicals differs little from T for the 
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appearance of Cs* ions for the surface ionization of CsCl molecules. Measurable ionic currents for all the mass 
lines appear in the temperature range 400-600°K, The characteristic emission of the impurity ions of the alkali 
metals Na* and K* from the filaments was observed at much higher temperatures of ~800°K. All these experi- 
mental facts on the thermionic emission give grounds for assuming that on the surface of oxidized tungsten in the 
temperature range from ~ 400 to ~ 1500°K processes take place involving the catalytic dissociative ionization of 
the molecules of organic compounds, which are probably present in the pump oils or are products of their decom- 
position. The high values of the ionization coefficients observed in the experiments indicate that the values of the 
electron affinity ‘of the observed positive ions are comparatively low. 


If the theories of the surface ionization of atoms are applicable to this ionic emission, then, depending on 
the relationship between the work of removal for the surface and the electron affinity of the positive ion, increase 
in the intensity of the electric field at the surface will lead either to displacement of the temperature threshold of 
ionization without appreciable increase in the ionic current or to increase in the ionic current without significant 
displacement of the ionization thresholds [3]. 


Figure 3 gives the temperature dependence of the current for masses 59 and 101, for two values of the inten- 
sity of the electric field accelerating the ions at the surface: E,= 2.3 - 10° v/cm and E, = 2.3 - 10° v/cm. It can 
be seen that with increase in the intensity of the field, the temperature threshold of the ionization is displaced towards 
lower temperatures, whereas the value of the current remains practically unchanged. 


We also studied the thermionic emission from nickel, iron, platinum and gold-plated tungsten filaments. Stable 
emission of ions with mass 101 was observed from nickel and iron, and no emission other than that due to the ions of 


impurity alkali metals was observed from platinum and gold-plated filaments. Analogous results for nickel and plati- 
num were obtained in [2]. 


In conclusion we may point out fields in which the thermionic emission considered above may be of signifi- 
cance: 


1) The initiation of the initial conductivity in the vacuum gaps between the electrodes vacuum break-down 


[5]. 


2) The break-down effect of ionic emission from the grids of electronic valves may act as a source of noise 
in valves (it is known that noise is reduced in valves with gold-plated grids). 


3) The thermal emission of charged organic molecules and radicals may be of importance in the mass-spectro - 
metry of organic compounds and the study of physicochemical processes at the surface of solids. 
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KINETICS OF THE DECOMPOSITION OF ALKALI METAL AMALGAMS 
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Bronsted and Kane in 1931 [1] showed that the kinetics of the decomposition of dilute sodium amalgams in 
phosphate buffers (pH ~7-9) were described by the equation 


i= (1) 


where i is the rate of decomposition of the amalgam, Cary is its concentration, k is a constant. The correctness of 
equation (1) for different amalgams and buffer solutions was confirmed in a number of papers [2-5] and its theoretical 
interpretation was given by A. N, Frumkin [6] and Hammet and Lorch [7] who suggested that the decomposition of 
the amalgam be considered as an electrochemical process in which the discharge of hydrogen ions is the slow stage 
determining the rate of the whole process. 


The data on decomposition of alkali metal amalgams with solutions of high pH value (>10) obtained by vari- 
ous authors [1-4, 8-10] differ greatly among themselves and therefore there is also unequal interpretation of the ex- 
perimental results. In reference [8] the electrochemical theory already mentioned was applied to the decomposition 
of amalgams in a strongly alkaline medium. It was found that on calculating the dependence of the activity of the 
amalgam on the concentration the power index for Cam in equation (1) must exceed 0.5 in value. Bockris and Wat- 
son [9] in order to explain variations in the regular decomposition of alkali and alkaline-earth metal amalgams 
proposed a chemical reaction of the surface atoms of the metal amalgam with water molecules, but in deducing 
kinetic relationships they started from equation (1) which is derived from the electrochemical theory. Volkov [10] 
showed, from a study of the decomposition kinetics of amalgams,that the removal of surface impurities plays an 
important part, resulting in a sharp decrease in the decomposition rate. 


Thus, from the results obtained there is no doubt that the decomposition kinetics of alkali metal amalgams 
in buffer solutions of pH ~7-9, follows the electrochemical theory and obeys the kinetic equation (1). However in 
the case of strongly alkaline solutions (pH > 10) deviation of the results does not allow simple determination of the 
kinetics and mechanism of the process. 


The present work is concerned with the study of the decomposition kinetics of alkali metal amalgams by aque - 
ous solutions of electrolytes under conditions of maximum purity of reagents and apparatus. 


The decomposition rate was determined by a gasometric method. The concentration of amalgam prepared 
by electrolysis, was found by titration of excess acid added to the amalgam. To prevent introduction of impurities 
from glass, the experiments were carried out in a polystyrene apparatus, Organic impurities which might be trans- 
ferred from polystyrene into solution must be desorbed from the electrode surface at the high negative potentials 
which are inherent with alkali metal amalgams and cannot influence the decomposition kinetics. Solutions from 
which the amalgams were obtained and in which they were decomposed were subjected to lengthy cathodic purifica - 
tion. The platinum electrodes were removed and the potentials of the amalgams were found by calculation or by 
measurement in a separate cell, The system was not stirred since under our experimental conditions it had no ef- 
fect on the decomposition kinetics. 


The apparatus in which the measurements were carried out, showninFig.1. was made of clear polystyrene 
with a screw-on cover. It was filled with the solution under study and hydrogen was blown through, The amalgam 
from vessel A was transferred through a three-way tap into the dish B. The hydrogen liberated passed into the col- 
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lecting funnel and then into the gas buret C. The collecting funnel and buret were of glass, since the adherence 
of small bubbles of hydrogen to polystyrene made it difficult to record the volume of gas. As seen in Fig. 1, the 


K.Na | Li 


is 


Fig. 2. Dependence of the rate of decomposition 
of Li (1), Na (2) and K (3) amalgams on their 
concentration, in aqueous electrolyte solutions: 
a) Li amalgam in 0.1 N LiOH solution; b) Na 
amalgam in 0.1 N NaOH solution; c) K amal- 
gam in 0.1 N KOH solution; d) the same in 0,1 

N KOH + KH,PQ, solution with pH 10.6; e) the 
same in 0.1 N KOH + KH,PQ, solution with pH 
11.4; f) the same in 1 N KOH solution, 


Fig. 1 


amalgam does not come into contact with glass, which as the experiment showed, accelerates the decomposition process. 
However contact of the solution with glass did not have any appreciable effect on this process within the time of the 
experiment. 


The surface of the amalgam was rendered clean by discarding, with the aid of the arm P, the layer of amal- 
gam with centers of intense liberation of hydrogen. The discarded layer was removed from the apparatus through 
tap K. Before recording the volume of hydrogen liberated, small bubbles of the gas present on the surface of the 
amalgam were transferred into the gas buret by means of the arm P. The experimental temperature was 20 4 1°. 
Volume of solution 500 ml, Area of the amalgam mirror 20 cm?. Since, because of the high negative potential of 
the amalgam there occurs a drawing in of the solution between the walls of the apparatus and the amalgam, the 
true surface of contact of the latter with the solution exceeds the apparent surface and therefore values of the cur- 


rent densities for the decomposition of the amalgams may be considered somewhat overestimated. 


In Fig. 2 is shown the dependence of the decomposition rate of Li, Na and K amalgams on their concentration 
in different solutions obtained by the method described above. As can be seen, there is a straight line proportionality 
between the amalgam concentrations and their rate of decomposition which corresponds to the kinetic equation 


i= kCam (2) 
(i expressed in a/cm’, Cam in g. equiv./1). Below are given the values of the constant k: 
Amalgam Li Na K 
k, akem?® - 1/g. equiv. 3-107 24°10° 3-10° 


In Fig. 3 are shown the results for the decomposition of Li, Na and K amalgams in 0.1 N solutions of electrolytes 
with the coordinates — potential, and logarithm of the decomposition current density. Forsmall concentrations of the 
Na and K amalgams there is a linear dependence of ¢ on log i with a coefficient of slope 0.06-0,07 v. On transition 
to concentrated amalgams, the activity coefficient of which rises, an increase in the slope is observed. In the case of 
Li amalgam, for which the relationship between the logarithm of the activity coefficient and the amalgam concen- 
tration in the range of concentration examined is linear [11] the plot of ¢ against log i is obtained with a coefficient 
of slope 0.073-0.75 v. 
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TABLE 1 TABLE 2 


Composition Currentdensity for de- 
and con- i, Y,V, composition of 0.55 N 
Cam(N)j centration of | N.CE. amalgam Source 
electrolyte li K 
0,54 [0,1 N LiCl 2,413 
0,51 }0,55 N LiCl |1,6-40-] 2,374 
0°47 NW LiCl 2/313 15 - 10° 6+ 10% (4) 
0,45 |10,8 N LiCl }2,0-40-9| 2,444 6-107 1-107¢ (8) 
0,50 10,63 N LiOH]1,6-10-3] 2,352 -3 
0:50 [2,20 N LiOH|1,6-10-3] 2,325 5-10" 1-10 (9) 
[5,0 N LiOH|1,5-10-3] 2,307 1.6-10°% | 1.6-10-° | Our results 


In table 1 are set out the experimental results for the decomposition of Li amalgam of approximately constant 
concentration in different solutions. 


From the data of Fig. 2 and Table 1 it is seen that the rate of decomposition of the Li and K amalgams does 
not depend on the composition, concentration or pH of the solution. The only factor determining the rate of de- 
composition of the amalgams under the given conditions is their concentration, 


In order to compare our results with those of previous investigations the decomposition current densities for 
0.55 N Li and K amalgams in electrolyte solution (pH ~ 12-13) taken from the data of different authors * are col- 
lected together in Table 2. Since the experimental results in the series of papers were expressed in different ways, 
we have made an appropriate calculation. 


1 i, ma 


y, N.C.E. 


23 


22 


§ 4 3 i 
= logi 0 Q2 Q4 06 OF 
Fig. 3. gy, log i curves for: 1) Li amalgam Fig. 4. Dependence of the rate of decomposi- 
in 0.1 N LiOH; 2) Na amalgam in 0.1 N NaOH; tion of Li amalgam on its concentration in 0.1 
3) K amalgam in 0.1 N KOH (a) and in 0.1 N N LiOH for various conditions of purity. 


KOH + KH PO, (b) solution. 


The impurities on an amalgam surface which get into it, for example, from glass, not only alter the value 
of the decomposition rate, but also the character of the kinetic relationship, In Fig. 4 are reported experiments on 
the decomposition of Li amalgam in 0,1 N LiOH, By careful removal of contamined sections from the amalgam 
surface (curve 1) the decomposition rate became minimized and was proportional to the amalgam concentration. 
Curve 2 relates to the case where the contaminated sections are not removed. After their instant removal with the 
arm mentioned, the decomposition rate falls sharply and approximates to the rate expressed by the straight line 1. 
After introduction of glass splinters onto the pure surface of the amalgam (curve 3) the decomposition rate some - 
what increased and was now not proportional to the amalgam concentration, In this case, as in the case of curve 2, 
the decomposition process is more satisfactorily described by equation (1). 


* In reference [10] for the case of the decomposition of a ~0.2 N Na amalgam in saturated NaCl solution there was 


obtained i = 3.47 - 10 Tajem’. The experiments were carried out under conditions in which complete harmonicity 
was not secured. 
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Experiments which we carried out showed that cathodic polarization of Li amalgams in a N(CH )4] solution up 
to a potential of 2.73 v N, C. E. did not affect their rate of decomposition. 


It was also found that a mixed Li and Na amalgam decomposed in LiOH + KOH solution at a rate which was 
the sum of the decomposition rates of Li and K amalgams separately. 


From the results we obtained it can be concluded that the decomposition of alkali metal amalgams in so- 
lutions of high pH carried out experimentally under sufficiently pure conditions occurs by a direct reaction of the 


surface atoms of the metal amalgam with water molecules, according to the simplified scheme (3), without any 
demarcation of the cathodic and anodic processes: 


Me (Hg) -+ H20 -+ Met + + Hg. (3) 
This conclusion is in agreement with the ideas expressed by Bockris and Watson, although under their experi- 
mental conditions reaction (3) cannot be observed since (see Table 2) the rates of decomposition of the amalgams 
obtained by these authors are considerably higher than those found by us, i.e., the amalgam surface in Bockris and 
Watson's experiments was contaminated, However in contradiction to the kinetics which the authors of paper [9] 
proposed, the kinetics of the decomposition of amalgams in a strongly alkaline medium is expressed by equation (2) 

of the first order. Introduction of impurities on to the amalgam surface, the hydrogen overvoltage on which is lowered, 
leads to a separation of the cathodic and anodic processes. The kinetics of decomposition of amalgams under these 
conditions is very close to the relationship expressed by equation (1) derived from the electrochemical theory. As 
will be shown in the following paper, the decomposition kinetics of amalgams in phosphate buffer solutions with 

ph < 10 obeys equation (1) and conforms with the electrochemical mechanism under conditions of maximum purity. 


We convey our deep appreciation to Academician A. N. Frumkin for advice and consideration shown during 
the execution of this work. 


LITERATURE CITED 


a J. Br8nsted and N, Kane, J. Am. Chem. Soc. 53, 3624 (1931), 

2; F, Fletcher and M. Kilpatrick, J. Phys. Chem. 42, 113 (1938). 

3. W. Dunning and M. Kilpatrick, J. Phys. Chem. 42, 215 (1938). 

4. S. I, Sklyarenko and B, A, Sakharov, ZhFKh, 21, 97 (1947); ZhPKh, 20, 406 (1947); ZhOKh, 17, 1385 (1947). 
5. G, Triimpler and K, Gut, Helv. Chim. Acta. 33, 1922 (1950); 34, 2044 (1951). 
6,  A.N., Frumkin, Zs, Phys, Chem. A160, 116 (1932). 

7.  L, Hammet and A. Lorch, J, Am, Chem, Soc, 54, 2128 (1932). 

8. O, L, Kaptsan and Z. A, lofa, ZhFKh, 26, 193, 201 (1952), 

9, J, O'M, Bockris and R. Watson, J, Chim. Phys, 49, 70 (1952). 

10. G.I, Volkov, ZhFKh, 27, 194 (1953); 29, 390 (1955). 

11. I, Ueda, Sci, Rep. Tohoku Imp. Univ. 22, 448 (1933). 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


a 
a 
g 
831 


THE INFLUENCE OF THE STRUCTURE OF THE DOUBLE 
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Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 1, 
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In buffer solutions the charge of the proton donors (the acidic components ) is always one unit higher than the 
charge of their conjugate bases, so that close to a negatively charged electrode surface the ratio of the concentra - 
tion of acids to the concentration of the conjugate bases should be greater than the corresponding ratio in the mass 
of the solution [1]. Acids and bases in solution are present in protolytic equilibrium with one another, and the ratio 
between the concentrations of an acid and its conjugate base, outside the dependence on the presence of other acids 
and bases in solution, is determined by the magnitude of the dissociation constant of the given acid and the hydrogen 
ion concentration, An increase in the ratio of the concentrations of acid and base close to the cathode, corresponding 
to a shift in the protolytic equilibrium, may therefore bereflected in a decrease in the pH in the region next to the 
cathode, compared with the bulk of the solution. 


The magnitude of the displacement of the pH under the influence of the electrode field reaches a maximum 
value at the surface of the electrode and decreases rapidly on going away from the electrode into the solution. Thus 
if we consider electrode processes with preceding chemical protonization of the depolarizer, it can readily be seen 
that the thinner the reaction layer in which the preceding protonization reaction takes place, the more strongly it 
is influenced by the field of the electrode [2]. The maximum action of the field should evidently be shown for 
protonization processes taking place at the electrode surface itself, with the participation of adsorbed substances, 
i.e., in the case of preceding “surface” reactions [3]. The increase in the hydrogen ion concentration at the elec- 
trode surface compared with that in the bulk of the solution depends on the magnitude of the potential drop in the 
diffusion section of the electrical double layer, usually described as the » ,-potential, and is determined by the ex- 
pression [4]: 


[H*], = (1) 


where [H*]s and [H*]o are the concentrations of hydrogen ions at the electrode surface and in the bulk of the solu- 
tion respectively. 


In the present work we studied the influence of the concentration and nature of indifferent electrolytes, which 
change the magnitude of the »,-potential, on the "surface" catalytic waves of hydrogen, The object of study was 
the second wave produced by quinine (or, more correctly, by its hydrogenated derivative [5]) in borate solutions 
with constant analytical boric acid concentration (0.04 M) at a constant pH of 9.5 (with the addition of LiOH, NaOH 
or KOH respectively) in the presence of different quantities of the chlorides of the alkali metals: Li, Na, K, Rb and 
Cs, The polarograms were recorded on a PE-312 recording polarograph in a cell with removable anode at 25° in a 
thermostat. The dropping electrode with forced removal of the drops had the following characteristics: m = 1.98 
mg/sec, t = 0.28 sec, The curve for the supporting electrolyte was recorded for all che solutions studied, in order 
to introduce a correction for the residual current. Nitrogen was blown through the solutions to remove atmospheric 
oxygen. The experimental conditions in the present work, compared with those of [3], were chosen with the aim of 
increasing the proportion of the surface term in the over-all value of the catalytic current (higher pH values, lower 
concentrations of catalyst and electrolyte). The almost complete disappearance of the catalytic wave when the 
salt concentration was increased sufficiently indicates that the value of the exchange current is low under the ex- 
perimental conditions used in this work. 
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The form of the surface catalytic waves can be expressed approximately by the combination of equations [6]: 


(2) 


(3) 
where Eq. (2) shows the relationship between the current i° which would pass if no catalyst desorption took place and 
the potential, while Eq. (3) takes account of the change in the current taking place as a result of the decrease in the 

pa quantity of adsorbed catalyst with increase in potential [7]. According 

to A, N, Frumkin [7], a = (c —c’) : 2RTT,,, where c and c’ are the in- 

tegral capacities of the double layer in the absence of surface -active 
substance and with complete covering of the electrode surface by sur- 
face-active substance, respectively, and ¢ is the potential measured 
relative to the potential of maximum adsorption. 


{or 


Figure 1 gives as an example (the points) the values of the catalytic 


ast currents in 3 - 10~° M quinine solution in the presence of different quan- - 

tities of sodium chloride; the curves were constructed from Eqs. (2) and - 

(3). The data used in the construction of these curves are given in Table a 

oY 1. The values of c for solutions of the salts NaCl and KCl were found c 

by graphical integration of the differential capacity curves [8] with a 

: 7 “18 19 (sat. subsequent interpolation of the values obtained for the appropriate salt < 

cal. el). concentrations. All the values of c were taken for E= —1.85 v (sat. . 

borate buffer solution (pH 9.5) contain- , Y 4 
ing 3 - 10 “° M quinine at different Nat came more positive by an amount equal to the change in the »,-poten- 


concentrations: 1) 0.040; 2) 0.045; 3) 
.055; .060; .070; 
j cot ee ee Figure 1 shows that the height of the catalytic wave decreases 
: ; with increase in the sodium ion concentration. For surface currents 
close to the limiting value we can write [6] 


tential with increase in the concentration (see Table 1) [4]. 


and sF ps, (4) 


where T° and I are the surface concentrations of adsorbed catalyst in the given solution at the potential of maxi- 
mum adsorption and at the given potential respectively, andp,; = ki [DH}], ke ... is the over- 
all rate constant for the protonization of the catalyst under the influence of different acids [DH*] in the solution. 


TABLE 1, The Influence of the Concentration of NaCl and KCl on the Catalytic Waves 
in Quinine Solution 


NaCl KCI 
M+concy lim, | imax | E |imax.| exp,| a 
calc. ha vy wa | pa v2 
0,040 157,6 106 ,0 £,48 1,85 8,5 154,0 | 1,52 1,81 9 
0,045 154,4 92,8 1,10 1,845 48,5 121,5 | 1,38 1,80 9 
0,050 151,8 76,8 0,93 1,84 8,55 | 107,5 | 1,22 1,80 9 
0,055 149 ,3 69,7 0,83 1,84 8,6 
0,060 147,2 61,3 0,73 1,835 | 8,6 70,0 | 0,88 1,79 9 
0,070 142,7 42,5 0,535 1,83 8,7 50,2 | 0,608} 1,79 9,1 
0,080 139,5 35,1 0,43 1,83 8,8 


Neglecting the proton-donating action of water compared with the action of H+ and H,BO 3, we can write: 


fs= RBA [HsBOs], = k [H*).; 


(5) 
since the change in the effective [H3BO3], is proportional to [Ht], [10]. 
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In the subsequent discussion we shall assume that k = const, neglecting the small salt effect (the change in the 
dissociation constants and reaction rate with change in the ionic strength of the solution). 


From Eq. (4), taking account of Eqs. (1) and (5), we obtain 


SFRI° 
lim 


(6) 


Figure 2 gives the relationship between i°}j: and »—F/RT for solutions containing Na* (1) and Kt (2). The 
values of py were calculated from the theory of the diffusion double layer with the assumption that the capacity of 
the Helmholtz layer is constant and equal to c = 18 yf /em? [11]. 


The fact that the curve giving the relationship between i°jj,, and e~%/RT  §s linear (the straight lines 1 and 


400 
— 
Fig. 2. Relationship between i*tim 
and e~**/8T for the catalytic waves 
in solutions with different concentra - 
tions of: 1) (Cqyin = 3 10° M), 
2) K* (Cquin = 6 - 10-6 M); 1", 2") 
the same for imay- 


wa 


“6 18 v(sat. 
calc. el) 


Fig. 3. Catalytic wave constructed 
with allowance for the change in a 
with potential. 2) Constructed on 
the assumption that a = const; the 
points mark the experimental values 
of the currents for 6 - 10“ M quinine 
solution in 0.04 N K,B,O7. The lower 
curve gives the relationship between 
a and E. 
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2) indicates that Eq. (6) is correct. The curves 1' and 2' in Fig. 2 show 
the change in the observed catalytic current at the maximum of the 
wave, imax, as a function of e-%“/R’, It can be seen from Fig. 2 
that ipnax is not proportional to e~*/RT This was expected, since 
with increase in the concentration of the salts, as a result of the in- 
crease in the capacity c, there is an increase in the value of the co- 
efficient a in Eq. (3), which indicates a more rapid decrease in the ad- 
sorbability of the catalyst with increase in the negative potential [7]. 


The estimation of the influence of different factors on the change 
in imax is only approximate, since ip)gx corresponds not to the limiting 
current ilim but to the current on the rising section of the wave [3]. 
The current imax is thus influenced not only by the rate of the forward 
reaction psI, but also to some extent by the rate of the back reaction 
P.Gs I'* leading to deprotonization of the catalyst. With increase in 
the ionic strength of the solution, the constant for the equilibrium at 
the surface og =[BH]s/[BH*]s = Ka/[H*]g increases, so that at poten- 
tials before ilim has been reached (particularly in the region of ijyax) 
there is an increase in the influence of the back reaction, leading to a 
greater decrease in ip x than in i°jjm. Thus the observed catalytic 
waves decrease with increase in the ionic strength of the solution both 
as a result of a decrease in the negative y,-potential, leading to a de- 
crease in the concentration of proton donors at the electrode, and also 
as a result of a decrease in the adsorbability of the catalyst. 


A marked influence on the surface waves is also shown by the 
nature of the cation of the indifferent electrolyte. It has recently been 
shown [8, 12, 13] that the cations of alkali metals with large radii ex- 
hibit superequivalent adsorption on an electrode surface. This results 
in a decrease in the absolute magnitude of the »,-potential and an in- 
crease in the capacity of the double layer in solutions of salts of the 
alkali metals from lithium to cesium [12, 13]. 


The influence of the nature of the cations can be seen from the 
data in Table 2. The change in the »-potential on going from Lit 
to Kt, in accordance with Eq. (6), leads to a decrease in i°}jm. On the 
other hand, increase in c and hence in a increases the curvature of the 
drop on the observed waves and decreases the value of their ipax. An 
even more marked decrease in the catalytic currents is shown when salts 
of Rb* and Cs* are introduced into the solution. Table 2 gives the results 
of experiments in which additional alkali metal salts were introduced 
into a 0.04 M solution of lithium borate (pH 9.5) at constant quinine 
concentration (3 - 10~° M), The data in Table 2 show that the action 
of the salts on {lim and imax for the catalytic waves increases con- 
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TABLE 2, Comparison of the Influence cf the Nature of the Cation of the Indifferent 
Electrolytic Waves for Quinine in 0.04 N LigB,O7 


Conen. of | i% jm 

C, uf, a,v 

300 2.8 1,9 18,00 8,35 
LiCl 5-10-3 278 2.6 1.9 18,00 8,35 
LiCl 1-102 242 2.5 1,89 18,10 8,40 
NaCl 5-10-3 248 2,55 1,87 18,25 8,50 

NaCl 1-10-2 196 2,40 1,87 18,25 8,50 
KCI 5-40-3 222 1,87 19,00 9,00 
KCl 1-40-2 172 1,7 1,87 19,00 9,00 

RbCl 5-40-3 183 1,64 1,86 19,8 9,5 

CsCl 1-10-3 182 1,86 1,85 20,02 9,6 

CsCl 5-40-3 27,4 0,4 1,80 20,02 9,6 


siderably on going from Lit to Cst. Thus when the solution is brought to 1 - 10~* M with respect to CsCl the effect 


is greater than that for 1 - 10 NaCl solution, and 5 - 10~* M RbCI solution has a much greater influence than 1 - 7 
- 107 M LiCl. | 


In the construction of the theoretical curves from Eqs. (2) and (3) (for example the curves in Fig. 1), since 
the calculations are tedious, it was assumed that a = const. In fact, as a result of the increase in c, particularly at 
potentials close to the range between — 1.9 and —2.0 v (sat. cal. el.), the value of a increases slightly with increase 
in the cathode potential (as a result of the increase in c). If account is taken of the change in a with potential 7 
(Curve 3 in Fig. 3), the theoretical curve shows better agreement with the experimental curve (see Fig. 3). : 
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Ya. B. Zel'dovich and D. A. Frank-Kamenetskii [1] have developed a theory for the thermal propagation of 
flame in gases. In the derivation of the approximate analytical formulae for the rate of propagation of the flame 
front, they made use of the similarity between diffusion and heat-transfer, i.e., the equality of the diffusion and 
temperature -conductivity coefficients. This condition made it possible to relate the concentration to the temper - 
ature and to reduce the system of two equations (diffusion and heat-conductivity) to one equation containing only 
temperature. 


An analogous problem may arise in the examination of exothermic reactions in a condensed phase (for exam - 
ple polymerization reactions). Thus it is possible to formulate the problem of the stationary rate of the propagation 
front of an exothermic reaction in a condensed medium. In this case it is impossible to take the diffusion and tem- 
perature -conductivity coefficients as equal to one another, since they may differ from one another by several orders 
of magnitude. In the present work we will assume that the diffusion coefficient is equal to zero. We should em- 
phasize that this case is not a particular case of the theory of Zel'dovich and Frank-Kamenetskii, for the equality 
of the diffusion and temperature -conductivity coefficients is an essential feature of their theory. 


Let us consider the one-dimensional case. Let us assume that a substance with density p = const has a tem- 
perature Tp at x = —o and a temperature T;= L/c + Tg at x =, where L is the thermal effect of the reaction and 
cis the heat capacity. Let us solve this problem in a system of coordinates in which the reaction front is at rest. 

In this system the substance moves with a rate u, which we have to determine. In addition, let us introduce the 
symbols: x= d/pc, the temperature-conductivity coefficient (A is the thermal-conductivity coefficient); and 
P2 are the densities of the original substance and the product (p = py +2); 1 = P2/p is the relative concentra - 
tion of the final product; and f (J, )) = 9n/dt is the rate of the chemical reaction. 


The equations for the conservation of mass and energy have the form 


(2) 
with boundary conditions T(—«)= Ty, n = 0, T(o) = Ty and = 1. 
Eliminating the rate of reaction from these equations and taking account of the boundary conditions for x = 
= —e, we find 


L 
— 1) =0. (3) 


Since the rate of the reaction depends to a considerable extent on the temperature, the whole reaction will 
take place at temperatures close to T,. Let us therefore put T = T, in the reaction zone, so that in this zone 


(4) 


aT aT 

aT 
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This relationship replaces in our case the relationship between T and n in Zel'dovich and Frank-Kamenetskii's 
work. At one boundary of the reaction zone dT/dx = 0 and at the other 


(5) 
By making use of Eq. (4), it is possible to express the concentration appearing in the reaction rate f in terms 

of the temperature gradient and to reduce the problem to one heat-conductivity equation. As in [1], the second term 


in this equation can be neglected, since the temperature changes only slightly in the reaction zone. Introducing the 
new variable p(T) = dT/dx, we reduce it to the first order equation 


pp’ + p) =-0. 


(6) 
Let us consider some particular cases. 


1. A zero-order reaction: fy= Zp exp (—E/RT). Equation (6) has the solution 


where the quantities marked with an asterisk refer to the zone boundary. Usually E >» RT, so that the integral is 
equalto e—F/R™RT*/E(T* can be put equal to zero). Substituting p* from Eq. (5), we find the rate of the re- 
action front for the case of a zero-order chemical reaction to be 


/ 2Zoxc exp (— E/RT,) RT? 
uy=|/ (7) 


which agrees with the rate of flame propagation found in [1]. This is understandable, since the presence or absence 


of diffusion should have no influence on the rate of a zero-order reaction. 


2. A first-order reaction: /, == Zie—£/RT (1 — n). Equation (6) is readily integrated and with account taken 
of Eq. (5) gives for the velocity of the front 


/ RT? 


which differs from ug only by a factor of 1/ V 2. 


3. Let us consider finally the case of an autocatalytic reaction: 


f = (1 — + (1 — 9). (9) 


The first term in this expression corresponds to the "initiating" reaction, so that the most interesting case is 
that where << Equation (6) reduces to the linear equation 


= exp (— E/RT) pp = — — (Zs exp (—E1/RT) 4+-Z2 exp (— E2/RT)], 


solution of which gives 


2LZo 

T 

p \ exp( | x 

T* 

T E E T, 

x \ [1 7,€XP( RT ) exp(. eXP ka exp(— (10) 
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Since two exponents are present (exp(-£,/RT) increasing and exp = exp (— Rr 0) decreasing 


with increase in T), the function under the integral will have a sharp maximum at a certain temperature Ty (which 


Ey 


may coincide with T,). Let us therefore remove the factor | +3 7, EXP (— RT *) at the maximum point from 


under the integral sign. The remaining integral can then readily be calculated and after substitution of p* we ob- 
tain a value for the velocity of the front: 


LE + | 1) 


RT 


Let us now fjnd Tm. The maximum of the function under the integral is reached at the point where the quan- 
tity 


is a maximum. 


Equating the derivative of this to zero and substituting u from Eq. (11), we obtain an equation for Ty: 


4 exp(— E,/RT,,) 22 Ey 
exp (— RT) In| 1+ Zexp )|. 


m 


Assuming T,, = Ty everywhere, except in the exponent, we find 


Assuming that everywhere, except the exponent, Tm < Ty, i.e., when 1 exp( 


stituting Tm in Eq. (11), we obtain finally 
exp (— E2/ RT) 


=| 


when | -+- ex p(— 


Zoxce— EYRMRT? ‘Va 
Ze E.—E, 
LE In +3 exp (— )| 


RT, 
E,— 
when l + Fexp(— <e. 


The expression (13) becomes zero as Z, - 0, as should in fact be the case, for without the "initiating" re- 
action the rate of the autocatalytic reaction is equal to zero. As Z, + 0, formula (14) becomes the expression for 
the velocity of the front for the case of a first-order reaction uy. 


I wish to thank G, B. Manelis for bringing this problem to our attention, and also A. S. Kompaneits and E. I. 
Andriankin for discussion of the work. 
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The thermodynamic functions of the Pt — Pb system have been studied in the range 700-875°. In this temper- 
ature range the phase diagram of the Pt — Pb system includes two intermetallic compounds PtPb and PtgPb, a region 
of liquid solutions (L) in the lead concentration range from 1.0 to 0.65-0.47, and four heterogeneous regions: L + 

+ PtPb, L + PtgPb, PtgPb + PtPb and Pt + PtsPb [1]. We have determined the activity of lead in lead — platinum alloys 


by measuring the saturated vapor pressure (by Knudsen's effusion method). The apparatus and experimental procedure 
have been described in [2]. 


The alloys were prepared from 99.9% pure platinum and spectrally pure lead. 


The activity aj, determined by measuring the vapor pressure of one of the components of the alloy — lead, is 
related to the change in chemical potential by the equation: 


Aw, = RT Ina; -- RTInZ, 


where aj is the activity of lead in the alloy, p; the saturated vapor pressure of lead above the alloy, and Py the 
saturated vapor pressure of pure lead at the same temperature. 


TABLE 1, The Activity of Lead in Lead — Platinum Alloys ae mole 


Atomic fraction Activity of lead a; 
| T = 1063°K tj 
alloy, Npp = 
a 
1.0 1.0 1.0 
0.921 0.891 0.891 
0.832 0.776 0.741 -12 
0.734 0.550 0.389 
0.545 0.347 0. 
vie Fig. 1. The integral enthalpy of forma- 
0.514 0.347 0.148 ti ul 
0.385 0.049 0.135 
0.193 0.006 0.016 
0.113 0.006 0.016 The rate of volatilization of lead from the 


alloy (the rate of volatilization, in accordance 


with the procedure which we have used, is propor - 
tional to the vapor pressure) was measured in the temperature range 700-875°; the activity of the lead in the alloys 
was calculated for the temperature range 700-790°. The data are given in Table 1. 


The partial enthalpies and entropies of formation of the alloys were then found from the usual formulae and 
the integral enthalpies and entropies of formation of the alloys from the pure metals were found by graphical in- 
tegration of the Duhem-Margules equation. The data on the integral values of the enthalpy and entropy for the 
central temperature of the range 700-790° were used to calculate the change in the free energy. 


i 
“a 
: 
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TABLE 2. Partial and Integral Thermodynamic Functions for Alloys of the 
Lead — Platinum System (in the range 973 -1063°K) 


Atomic frac- | Atipp 

tionofleadin| eal 

alloy, Npp sittin 
41,00 0,00 
0,924 0,20 
0,832 1,06 
0,800 2,02 
0,734 7,90 
0,700 9,73 
0,650 12,60 
0,600 16,28 
0,545 19,48 
0,514 19,48 
0,500 19,48 
0,385 —23,14 
0,250 —21,81 
0,193 —21,81 
0,113 — 24,81 


cal/mole- deg 
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OI 
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Fig. 2. The integral entropy of formation 
of lead — platinum alloys. 


compounds. 


ASpp Mu AS AG 

cal kcal cal kcal 
mole -deg| mole |mole - deg mole 
0,00 0,00 0,00 0,00 
0,22 | 1,00 1,60 —0,63 
1,56 1,40 3,28 —1,94 
2,71 1,36 3,50 —2,20 
9,10 0,70 2,90 
11,30 |— 0,90 2,10 —3,04 
14,83 |— 2,94 0,26 
18,55 — 5,36 —2,00 —3,32 
21,70 — 8,53 —5,20 —3,23 
21,70 —10,43 —7,03 —3,27 
21,70 —11,30 —7,85 —3,31 
—5,64 
—12,06 |— 5,47 —3,00 —2,44 
—12,06 | — 4,20 —1,85 
—12,06 ~ 2,40 —1,35 —1,03 


The temperature range 700-790° was chosen for the calculation 
of the thermodynamic properties because here it is convenient to cal- 
culate the heats and free energies of the reactions 3Pt + Pb = PtgPb and 
PtgPb + 2Pb = 3PtPb and hence the values for the formation of Pt,Pb 
and PtPb from the metals in the ranges Npp = 0.00-0.25 and 0.25-0.50. 
The partial heats of dissolution of liquid lead in the melt are calcu- 
lated in the same temperature range at Npp > 0.65. The values for 
melts in the concentration range Npp = 0.65-0.55 are not accurate, 
since here the temperature range studied includes the liquid curve. 


The partial and integral thermodynamic functions are given in 
Table 2. The error in the determination of the activity of lead is ap- 
proximately 1%, the error in the calculation of the enthalpy of for - 
mation of the alloys is ~ 20%, and the error for the entropy ~ 25%. 


An interesting feature is that the integral enthalpies and entropies 
of formation of the alloy change sign at Npp = 0.65-0.70 (Figs. 1 and 
2). This is evidently due to transition from the region of liquid so- 
lutions to the heterogeneous regions. 


The more accurate calculation of the thermodynamic functions 


of the melt, particularly in the range from ~ 0.65 to 0.545 (atomic fractions of lead), more detailed study of melts 
in thse concentration ranges would be necessary. It might then be possible to extrapolate AHpp from the homo- 
geneous region into the heterogeneous region and to establish these quantities close to the liquids curves. 


It should however be emphasized that the aim of this work was to find AH and AS for the solid lead-platinum 
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It is known that the properties of fibers and of articles made from them can change substantially when put into 
use as the result of a number of processes taking place in the polymers themselves. One of these processes, leading 
to an impairment of the physicomechanical properties of fibers, is the formation of secondary structures. It is natural 
that in order to prevent or reduce the intensity of the progress of such phenomena it is necessary to know the me- 


chanism of such processes. Despite the importance of this problem, the formation of secondary structures has received 
little study. 


In the literature the processes of the crystallization of various polyamides from dilute solutions have been 
studied in the greatest detail and the formation of secondary structures was established [1, 2]. Various forms of secon- 
dary structures ranging from spherulitic formations to single crystals were formed when the crystallization was run 
slowly. It seems of great interest to study the conditions for the formation of secondary structures when the crystal- 
lization of polyamides is run in the condensed phase. The present paper is devoted to this problem. 


Study Objects and Experimental Procedure 

As study objects we took Capron monofilament (approximately 1mm thick), stretched 5 fold. The use of such 
monofilament is convenient for the reason that the secondary structures, arising in various layers of the fiber, ranging 
from the surface to its center, can be followed in the transverse direction. 


The annealing technique was used to effect the process of recrystallization in the fiber, in which connection 
measures were taken in advance to prevent shrinkage of the fiber and oxidation of the object during the heat treat - 
ment. The annealing was run at 205° (the melting point of Capron is 215°). The specimens were held at this tem- 


perature for 1-1.5 hr, and then cooled slowly to room temperature. The entire recrystallization process was ac- 
complished in a matter of 10 hr. 


The method of ultrathin sections was used to study the secondary structures formed in the recrystallization of 
the fiber. Sections from different regions of the fiber were obtained by the method developed by us, employing an 
ultramicrotome of the Sostrand Ultra-microtome LKB-Producter type. Sections were obtained from the recrystallized 
oriented Capron fibers, as well as from the starting unrecrystallized, but oriented monofilaments. In order to make 
sure that the structure of the cut specimens is not altered significantly in the cutting process, cuts were made with 
the cutting edge of the knife in different positions relative to the fiber axis. For example, the longitudinal sections 
were obtained in two ways: 1) the fiber axis was placed perpendicular to the knife edge, and here the knife moved 
parallel to the fiber axis; 2) the fiber axis was placed parallel to the knife edge, and here the knife cut the sample 
as from the side. 


The ultrathin sections, having a thickness of about 200 A, were studied using a UEMB-100 electron microscope. 
From the obtained microphotographs it was established that the picture of the longitudinal sections, obtained by the 
two methods indicated above, was the same. 


Experimental Data and Their Evaluation 


In studying the sections of the starting oriented Capron fiber we found that apparently only small secondary 
structure formations are present in the oriented fiber. The coarse structure formations present in the Capron fiber 
are destroyed in the orientation of the latter. 


> 


The microphotograph of a longitudinal section from the surface layer of the fiber is shown in Fig la. Coarse 
spherulitic formations are formed during recrystallization; they do not have a spherical shape. In studying the cross 
sections of the surface layer of the fiber individual sheaves were found. This can serve as proof that flatter spherulites 
are formed in the surface layers of the recrystallized fiber. On the sections, obtained from the internal layers of the 

fiber, both longitudinally and in the transverse direction, more perfect crystalline formations can be seen. Micro- 


Fig. 1. a) Large flat spherulites of Capron from the lon- 
gitudinal sections; b) elementary microfibrils, meeting in the 
cross sections of the fiber. 


photographs of sections of recrystallized Capron fiber are shown in Figs. 1b, 2 and 3, from which it can be seen 
that various shapes of the secondary structures are formed via the elementary microfibrils. The microdiffraction 
data, obtained by us on these specimens, make it possible to postulate the following process: at first crystalline 
microfibrils are formed, the minimum dimensions of which reach about 100 A in width and several microns in length. 
Then a branching of the elementary microfibrils is observed, with the formation of individual sheaves and complex 
spherulitic structures clear down to the formation of individual, well-defined crystals. The dimensions of these 
secondary structures, even for the same shapes of the structure formations, can be different. The reactions, taking 
place between several growing crystalline centers, and the presence of all types of structure defects in the solid poly - 


mer specimen are probably the main reasons for the fact that the secondary structures, even for the same shape, have 
different dimensions. 


In the recrystallization of the specimens we were also able to observe the formation of more complex structure 
formations, which have dimensions of tens of microns. Evidently, these secondary structures are formed as a result 
of the packing of the elementary crystalline microfibrils in a definite order. Microphotographs of the cross sections 
of such structure formations are shown in Fig. 2. Frequently lamellar crystals are observed in the cross sections of 
the recrystallized Capron fiber specimens (Fig. 3a), and at times these lamellar crystals combine with each other 

to form large crystalline aggregates. We believe that lamellar crystals are also formed via the crystalline micro- 
fibrils. In some cases we observed that disorderly arranged microfibrils are also found along with the lamellar crystals. 
Apparently, they are formed in the destruction of the lamellar crystals under the action of the knife in the cutting 
process. Clearly defined single crystals can be seen on the sections, obtained both in the longitudinal and the trans- 


verse directions of the oriented recrystallized fibers. In some cases we were able to discern aggregates composed of 
such crystals (Fig. 3b). 


The fact that protruding microfibrils can be seen on many of the crystalline formations observed by us causes 
us to postulate that these crystals have a microfibrillar structure. 


On the basis of a careful study of the section microphotographs of the oriented recrystallized fiber it was es- 
tablished by us that in the recrystallization there first occurs a very marked coarsening of the secondary structures 
when compared with those observed in the starting oriented fiber. Such a coarsening of the secondary structure for- 
mations is excellently confirmed by the literature data [8]. Second, new secondary structures of various shape are 
formed in the recrystallization of Capron fiber. Apparently, this is associated with the fact that they originate under 
different conditions than in solution, and specifically, in the condensed state. It is quite evident from the micro- 
photographs that all of the shapes of the secondary structure formations have sharp boundaries, similar to the situa - 
tion that exists for metal crystals. It is possible to assume that in the polymer disorderly, more friable regions are 
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distributed between the well-ordered crystalline formations. We were unable to detect a continuous transition of 
the crystalline formations to a friable disorderly region. 


In our electron-microscope study of the shape of the secondary structures arising in the recrystallization of 
oriented Capron fiber, we established that all of the secondary structure formations are found in the crystalline regions 
of the investigated polymer. These regions have anisodiametric shapes, the diameters of which range from 1 to 10. 


Fig. 2. Cross sections of Capron secondary structures, composed of micro- 
fibrils. 


Fig. 3. Crystalline Capron formations from the cross sections. a) Lamellar 
crystals; b) aggregates of crystals. 


The boundaries of these anisodiametric regions are clearly seen in the microphotographs, Evidently, the partially 
crystalline polymeric Capron fiber is composed of these regions of "macrofibrils." In the spaces between these 
crystalline macrofibrils are found friable disorderly regions — the amorphous phase of the polymer. These amor- 
phous regions act like a binding — holding medium for the crystalline macrofibrils. 
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As is known hydrogen is the principal gaseous product of the radiolysis of solid saturated hydrocarbons. For 
instance, when polyethylene is radiolyzed at dosages of 10-200 Mrad hydrogen constitutes 85-98% of the gaseous 
products [1]. A very large amount of work dealing with the radiochemical reactions of alkanes has been devoted to 
the study of the mechanism of hydrogen formation. From the comparison of the radiation yield of radicals (deter - 
mined by the addition of I,) with the radiation yield of hydrogen it was deduced that hydrogen is formed by two 
routes: a free radical and a molecular route, each one accounting for about half the generated hydrogen (see [2)). 
This was further confirmed in experiments where the yield of radicals produced by the stripping of hydrogen atoms 
from polyethylene [3] was determined together with the number of double bonds [1] formed by the elimination of a 
hydrogen molecule. Dorfman [4] was the first one to determine the yield of hydrogen formed by a molecular route 
in the radiolysis of CgzHg + C,Dg mixtures. Isotopic methods were also used by Newitt and Remsberg [5] and Dyne and 
Jenkinson [6] in the investigation of the liquid phase radiolysis of cyclohexane. 


It was previously been assumed [4, 5] that the radiation yield of the H, formed by the molecular route from 
normal hydrocarbons differs very little from the yield of the D, formed in the radiolysis of deuterated hydrocarbons. 


In the present work we measured the amount of Hz and D2 formed by the molecular route from polyethylene 
and deuteropolyethylene respectively. 


The materials used in our work were: a high pressure form of polyethylene and deuteropolyethylene with a 
softening point of 126-127° and a 98 mole %D content. Mixtures of (C,Hgp and (C,D yn were prepared by dissolving 
known amounts of each component in chemically pure toluene at temperatures near the boiling point and then pre - 
cipitating the product by the addition of methyl alcohol to the solution. The precipitate was filtered out and thorough - 
ly washed with methyl alcohol. It was then dried to a constant weight. Samples of the resulting loose white powder 
weighing 0.05-0.1 g were melted into copper crucibles 8 mm in diameter and placed into a segmented metal tube 
in which the mixture was exposed to 1.6 Mev electrons. The absorbed dosage was calculated from the electron cur- 
rent and the stopping power of polyethylene which is 1.92 Mev/g - cm? for (CzHgn and 1.68 Mev/g - cm?” for (QDan- 
We assumed that the fraction of energy absorbed by either (C,Hgp or (C;D gp in the mixture is proportional to the 
respective fraction of electrons, The amount of gas formed in the radiolysis was measured by means of a U-shaped 
manometer filled with D-4 oil. The manometer was calibrated with a mercury manometer. At different instants 
in the course of radiolysis gas samples were removed and analyzed on a model MKh-1302 mass spectrometer. We 
used in our calculations the mass spectra of D2 and HD reported in [7]. The concentration of HD in the samples 
tested was so large that we could neglect the H,* ions formed in the mass spectrometer. Control experiments showed 
that as far as our work was concerned the isotopic exchange in the mass spectrometer was negligible. 


In principle our method differed very little from that used by Dyne and Jenkinson. When mixtures of (C,Hy)p 
and (C,D 4)n are radiolyzed the amount of Hz and Dz formed by the molecular route is a linear function of the (C,H4)p 
and (C,D4)n concentrations (from now on we will denote these concentrations by Cy and Cp respectively.) On the 
other hand amounts of Hz and D, formed by the radical route vary as the fourth power of Cj; and Cp respectively. 
Hydrogen can be formed by the following reactions: 


He + My Gy (H) 


(C2D4),, Mg (D) 


(C,Da),, D-++ Ra (D) 

D + (CoH4),, Da-+-Ra 

D + > HD+ ks 

H HD+ Re 
G,(H) and G,(D) are the radiation yields of the Hz and D2 formed by the molecular route; Ga(H) and G,(D) are the 
radiation yields of H and D atoms; ky, ky, ks, and kg are the rate constants for the reactions of hydrogen atoms with 
polyethylene in which hydrogen atoms are stripped. One can now determine the radiation yields of H,, G(H)p, and 
of Dg, G(D2), as a function of the (C,Hgp and (C,D 4p concentrations in the mixture. For a dilute solution of (QHgn 
in (CD gn we get 
G (Hs) 

1 


while for a similar solution of gp in we have 
G (D2) 
Fo 


= Gi (D) + 2G: (D) A, 


By setting up G(H,)/F, as a function of Fy and G(D,)/F, as a function of F, in the radiolysis of solutions of the 
appropriate composition we will get G,(H) and G,(D). 


In experiments where the molecular yields of Hz, and Dz were determined at 30° mixtures were used in which 
F,= 3.76, 5.65, 8.86, 9.35, and 11.5 - 107, and F, = 1.58, 5.97, 9.60, and 14.7 - 107. In Fig. 1 we have plotted 
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0 20 40 60 80 100 180 0 60 180: 


t Fig. 2. The radiation yields G(H,) (1) and G(D2) (2) 
~ a4 —— as a function of radiation dosage (in Mrad) in the 
¢ | ea xb Oc : radiolysis of pure polyethylene and deuteropoly - 
ethylene. 
Ps 4 6 8 10 12 4% 
G(H_)/F, versus F; and G(D2)/F2 versus for these 
mixtures. The plots show that G,(D)= 0.374 0.05 
Fig. 1. A) G(H,)/Fy as a function of F, in a mixture and within the limits of experimental errors it is 
of (GH4)n and (GD4)n; B) G(D2)/F; as a function of Fp independent of the dosage in the range from 10-60 
in a mixture of (Q,Hgp and (GDy)p. a) G(H)/F, at Mrad; G,(H) = 2.6 + 0.4 at a dosage of 10 Mrad, 2.34 
a radiation dosage of 10 Mrad; b) 20 Mrad; c) 50 Mrad. + 0.4 when the preliminary radiation dosage is 20 
G gives the number of molecules formed per 100 ev Mrad, and 2.1 + 0.4 in cases where the sample was 
of energy absorbed. preexposed to 50 Mrad. 


The values of G,(H) may turn out to be even 
smaller than the ones given above by about 10%, since the deuteropolyethylene used by us contained about 2 mole 
% H. The ratio of HD/D, in the hydrogen generated during the radiolysis of pure (C2) jp was 0.10. The radiation 
yields of Hz and D, from pure (CzH4)p and (GD4)p were 6.0 and 3.8 respectively so that one can calculate the frac- 
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tion formed by the molecular route. It turns out to be 10 4 1.5% in the case of D, and 38 4 10 % in the case of Hg. 
The different slopes seen in Fig. 1 for different preliminary exposure to radiation can be attributed to the fact that 
groups able to act as a hydrogen trap (free radicals and olefins [1, 3]) accumulate in the polyethylene during the ex- 
posure then capture the subsequently generated hydrogen atoms and interfere with the formation of hydrogen gas. 
This is further confirmed by the fact that the yield of hydrogen produced by the radiolysis of pure polyethylene and 
deuteropolyethylene decreases with increasing radiation dosage (Fig. 2). 


If we take into consideration the reactions of atomic hydrogen with free radicals and olefins the second term 
in Equations (A) and (B) will be changed to 


where ky, ko, k'y and k' are the respective rate constants for the reactions 
H+R-—-RH k, 
H + olefin-+R ko 
D+R—RD 
D + olefin>R' k'o 


CR and Co are the concentrations of free radicals and olefins respectively. Hence as the dosage increases and the 
concentration of olefins and free radicals.increases too the slopes of G(H_)/Fy = f(Fy) and G(D2)/F, = f(F,) should 
decline. One can see readily in Fig. 1 that the slope does indeed decline in the case of polyethylene when the 
radiation dosage is increased. In the case of deuteropolyethylene this relationship seems to be less evident. 


If we know G,(H) and G,(D) and the radiation yields of H, and D2 from pure (C,Hgp and (C,D4)p we can cal- 
culate the radiation yields of H, and Da formed by the radical route. At a radiation dosage of 10 Mrad these yields 
are 


G2 (H) = 6,0—2,6 = 3,4, G2 (D) = 3,8—0,37 = 3,43. 


The values of G2(H) and G2(D) are in good agreement. Thus the isotopic effect observed in the formation of hy - 
drogen by the radiolysis of polyethylene comes entirely from the molecular elimination reaction. 


The author would like to thank V. L, Tal'roze for his valuable advice and discussion of results and N. Ya. 
Buben for several useful comments made during the reading of the manuscript. 
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Classical physico-chemical investigations of the CaO + SiQ, + H,O system and the anhydrous calcium silicates 
B -CagSiOgB -C,S) and CagSiOs(C3S)[1-5] have left unexplained the formation and properties of the metastable so- 
lutions formed as intermediates in the reaction of these compounds with water. 


Work done by P. A. Rebinder and co-workers [6-9] revealed that the hardening of inorganic cements is proceed - 
ed by the formation of a crystalline dispersion which forms and grows in a medium supersaturated with respect to the 
hydrated derivatives of the anhydrous cement, These processes will greatly depend on how much and how fast do 
the concentrations of the supersaturated solutions change. In this work we have investigated the formation of super - 
saturated solutions during the hydration of B-C,S and C,S and determined the connection between the metastable 
solubility of these silicates and the concentration of Ca(OH), which precipitates during the hydration. Concentra - 
tion changes in the aqueous phase were followed during the hydration of silicates by measuring the concentration of 
Ca** and silicate ions (expressed as SiO, by convention) directly in vigorously stirred dilute suspensions ( 0.04-2.0% 
silicate) free of atmospheric CO,. Anhydrous silicates were prepared at 1500° from chemically pure oxides; the two 
subsilicates contained 96° B-C,S and 90% C,S respectively plus other lower subsilicates while free CaO was absent 
entirely. SiO, was determined colorimetrically in the form of the blue silico-molybdate complex while Ca was 
determined complexometrically. 


By following changes in the composition of the aqueous phase during the hydration of calcium silicates at 20 
and 30° (6 -C,S in Fig. 1a, and C,S in Fig. 1b) we found that the silicate ion concentration passes through a maximum; 
the more concentrated the suspension and the more disperse the original anhydrous silicate the sooner is the maxi- 

mum attained, and other conditions being equal it is 
mmoles/ liter also observed sooner in C,S solutions than in solutions 

. of B-C,S. The concentration of SiO, declines to prac- 
tically zero in the same order, At the same time Catt 
concentration keeps increasing reaching a value of 8- 
10 mmoleés/liter after SiO, has almost completely 
disappeared from solution. 


120 50 min 


The maximum concentration of SiO, (Cy) or 
the equivalent silicate concentration in solution can 
be considered invariant only as a first approxima - 
tion, and in contrast with the nonhydrolyzable cements, 
particularly gypsum, the suspensions last for very brief 
k periods of time. The apparent inability to sustain a 
$0 highly supersaturated solution for any appreciable 

t—. length of time particularly noticeable, even in dilute 

suspensions, when the concentration of anhydrous 


Fig. 1. The rate of formation of supersaturated solutions Pe d aden m 


3) 0.4; 4) 0.8 % silicate. b) CyS (20°): 1) 0.04; 2) 0.08; clusion that supersaturation does not play an im- 
3) 0.2; 4) 0.4% silicate portant role in the structure formation in calcium 


silicates. As we are about to demonstrate, the un- 

usual behavior can be explained by examining the 
relationship between the solubility of silicates and the concentration of Ca(OH), which is formed during the hy- 
drolysis. For the same reason the indirectly determined solubility of 8 -C,S and CS in water [10] can not be achieved 
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under the conditions normally prevailing during the hardening of silicates. One can safely assume that the solubility, 
just like the equilibrium solubility of hydrosilicates, decreases with increasing concentration of the Ca(OH) (which 
eventually precipitates) formed when anhydrous silicates are hydrolyzed. 


A comparison of the Ca and SiO, concentrations in the aqueous phase of the 6 -C,S and C,S suspensions reveals 
that when Cmax is attained the solution already contains Ca(OH), in excess of the stoichiometric concentration. Thus 
by the time we reach Cpa = 1.05 mmoles/liter in the 6-C,S system at 30° and 1.07 mmoles/liter in the C,S 
system the CaO/SiOQ, ratio in solution has increased from 2 to 3 and from 3 to 3.8 respectively. 


Hence the Cmax concentrations determined by us represent Ca(OH) solutions of a certain concentration dif- 
ferent in the case of B-C,S and C,S, It would consequently be interesting to represent the results obtained in the 
form SiO, = f(CaO) which was used in the investigation of the CaO + SiQ, + H,O system. In Fig. 2 where we have 
plotted this function for 6 -C,S at 30° we can distinguish three sections representing the three stages in the forma- 
tion of supersaturated calcium silicate solutions. The left side of the graph represents the solution of anhydrous 
silicates, and since the crystal dissolving is ionic the process simply involves a transfer of the constituent ions into 
solution in the stoichiometric ratio, but as the compounds are unstable in the presence of water a supersaturated so- 
lution results. The dotted line gives the molar ratio in solution corresponding to the composition of the anhydrous 
silicate. 
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Fig. 2. A phase diagram represen - Fig. 3. The metastable solubility of calcium sili- 
ting the formation of a super- cates as a function of the Ca(OH) concentration 
saturated solution of B-C,S: a) in solution when either the latter is precipitated 
Water suspension; b) in a solution during hydrolysis or is introduced as a suspension 
containing 2 mmoles/liter of (30°). 1) B-CS: a) hydrolysis accompanied by 
Ca(OH); c) similar solution but precipitation of Ca(OH); b) 2 mmoles/liter; c) 4 
with a concentration of 4 mmoles/ mmoles/liter of additional Ca(OH), introduced into 
/ liter. the suspension. 2) C3S: 3) equilibrium solubility 
of the hydrosilicate [11]. 


Superimposed on the solution process is the crystallization of low subsilicates which shows up in the deviation 
of experimental points from a straight line due to a change in the molar ratio of CaO/SiO, in solution. When SiO¢” 
goes into solution and is hydrolyzed it reduces the CaO/SiQ, ratio in the hydroxysilicate precipitate below the ratio 
in the original anhydrous silicate leaving behind (in the solution) an excess of Ca(OH). The same solid hydrate, 
monocalcium hydrosilicate, forms in both the 6 -C,S and the C,S system; this is in full accord with the literature 
data. 


On the right side of Fig. 2 we can see how the SiQ, concentration (silicates) decreases when the total CaO 
concentration in solution is increased. This portion of the curve is independent of the suspension concentration. But 
the addition of more Ca(OH) to the suspension reduces Cmax and subsequent SiO, concentrations to a greater ex- 
tent than would be expected from the established relationship between the SiO, concentration and the total cal- 
cium concentration in solution. 


The relationship between the excess Ca and the SiO, concentration can be conveniently represented with refer - 
ence to the stoichiometric ratio for a given silicate, or, which amounts to the same thing, with reference to the 
amount of Ca(OH), which had precipitated as a result of hydrolysis. When plotted in this form (Fig. 3) the curves 
are independent of the B-C,S and C,S concentrations in suspension (within the limits of experimental errors) and 
of the initial Ca(OH) concentration in solution (curve 1): they express the effect of the Ca(OH), concentration on 
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the concentration of the metastable solutions of anhydrous silicates which are formed during the hydrolysis after the 
Cmax has been passed. Hydrolysis of silicates with the resulting precipitation of monocalcium hydrosilicate and 
accumulation of Ca(OH) begins before the metastable solution is achieved. Therefore under normal conditions of 
calcium silicate hydrolysis the metastable solubility is always smaller than solubility in pure water. 


When the metastable solubility of the silicates (C) is compared with the equilibrium solubility (C9) at the 
same Ca(OH) concentration (Fig. 3, 3 based on the data of Roller and Ervin [11] the ratio of C/Cy remains con- 
stant to a first approximation; this is particularly evident in the case of 6 -C,S over the entire range of Ca(OH), 
concentrations at which the SiO, concentrations could be determined. This ratio (4.4 in B -C,S) can be regarded as 
a measure of the relative supersaturation, which remains constant due to the fact that the metastable and the equi- 
librium solubilities of SiO, (silicates) seem to depend in the same way on the excess Ca(OH). 


Thus the experimentally observed decline in the concentration of the supersaturated solutions of 6 -C,S and CsS 
after Cmax is passed (in the course of hydrolysis) is still no indication that the relative supersaturation in the aque - 
ous phase of the suspension has decreased, but simply reflects the dependence of metastable solubility on the Ca(OH) 
concentration. 


The discovery that the concentration of supersaturated solutions is independent of the suspension concentration 
as well as the fact that monocalcium hydrosilicate is isomorphous with the lower subsilicates formed in the hydroly - 
sis of concentrated suspensions (gels) would indicate that the laws found to operate in our experiments should also 
hold in concentrated suspensions. 


LITERATURE CITED 
H, Steinour, Chem. Rev. 40, 391 (1947). 
E, Flint and L. Wells, J, Res. Nat, Bur. Stand, 12, 751 (1934). 
K, G, Krasil'nikov, Trans, Confer. on the Chemistry of Cement [in Russian] (Moscow, 1956). 
T, Torvaldson and V, Vigfusson, Trans, Roy, Soc. Canad, 22, 3, 423 (1928). 
H, F. W. Taylor, J, Chem. Soc. 12, 3682 (1950), 
A. Rebinder, E. E, Segalova, and V, N. Izmailova, DAN, 110, 5 (1956). 
A, Rebinder and E, E, Segalova, Stroit. Mater. 1 (1960). 
S. Solov’eva and E, E, Segalova, Coll, Zhurn, 20, 5 (1958). 
. E, Segalova, Z, N. Markina, and P. A, Rebinder, DAN, 133, 3 (1960). 
. V, Ratinov, DAN, 136, 4 (1961). 
. S, Roller and G, Ervin, J, Am, Chem, Soc, 62, 461 (1940). 


1. 
2. 
3 
4 
5. 
6 
1 
8 
9 


P 
E 
E 
B 
P 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


- 
= 
: 


THE VIBRATION SPECTRA OF CERTAIN ALKYL- 
AND ALKYLALKENYL STANNANES (Sn!V) 


N, A. Chumaevskii 


Institute of Heteroorganic Compounds, Academy of Sciences, USSR 
(Presented by Academician I, V. Obreimov, June 1, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol, 141, No, 1, 
pp. 168-171, November, 1961 

Original article submitted May 27, 1961 


The work presented here deals with the vibration spectra of several alkyl- and alkylalkenyl derivatives of tin. 


The infrared absorption spectra were recorded in the following manner. In the 3000 cm“! region a VIKS M-3 
infrared spectrophotometer with a LiF prism (A v = 6 cm~4) was used. In the 700-2000 cm~ region the same spectro- 
photometer was used but with a NaCl prism (in the 1000 cm“! region Av = 10 cm™4). In the 400-700 cm=! region 
an IKS-14 infrared spectrophotometer with a KBr prism (Av= 4 cm~4) was used. When LiF and NaCl optics were 
used the samples were placed in cells of a fixed size (0,05 mm thick) with NaCl windows; certain compounds were 
also examined in the form of thin layers of undetermined thickness between two tightly pressed NaCl windows, When 
KBr optics were used the compounds were contained in a cell with KBr windows (the layer was 0.020 mm thick). 


% absorption 


SSSSKBs 


Cly~Sn-CHy -CH = CH, 
CH 
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Fig. 1. The absorption spectra of: a) Triethylstannane; b) 
tetramethylstannane; c) trimethylvinylstannane; d) trimethyl- 
allylstannane. Each spectrum is subdivided into three parts: 
KBr optics on the left side, NaCl in the middle, and LiF on the 
right. All the spectra are represented on the same frequen- 

cy scale. 


The Raman spectra were recorded on a three-prism model ISP-51 glass spectrograph to which an FEP-1 photo- 


electric recorder was attached. The 4358.3 A line of Hg passed through a blue filter provided the excitation radia - 
tion. 


It is already known that the stretching frequencies of the Si— H and Ge — H bonds lie at 2125 cm~ and 2010 
em~} respectively ( in (C,Hs)sSiH and (C,Hs);GeH [1,2]). The Sn — H stretching frequency in triethylstannane 
(CyHs)sSnH lies, however, at 1820 cm~! (Fig. 1). Hence one can see that the frequency of the M — H stretching 
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region) was recorded at a slower rate than the 


one in the region below 1460 cm~*. 
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Fig. 3. The Raman spectra of: 1) Tetramethylstannane; 
2) tetraethylstannane. The spectrum on the right (in the 


diethylvinylchlorostannane. The rest of the legeng is the 
3000 cm 


Fig. 2. The absorption spectra of: a) Tetraethylstannane; 
same as in Fig. 1. 


b) triethylallylstannane; c) diethyldivinylstannane; d) 
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vibration decreases from 2900 cm! a. = 5 — H group) to 1820 cm! jn the order M= C, Si, Ge, Sn. The force 


constant of the M — H bond decreases as one proceeds from C to Sn (the effect of the atomic mass M is negligible), 
Thus for example the force constant in CH, (expressed in the usual units [3, 4]) Kqc -H) ) 8.34 - 10° cm [3] while 
in SiH4K qj - H) = 4-67 - 10° cm~ [4]; as one can see Kg in silane is half as large as in methane. Using standard 
equations [3] and assuming that the angular coefficients and interaction coefficients for the Ge — H and Sn — H bonds 
are not very different from what they are in the case of Si — H we find that Kq(Ge - H) ¥ 4.3 ° 10° cm~* while 

Kqsn - H) 3.8 10° (in molecules of the type MH). 


400 600 00 1000 12001400 1600 18002200 2600 3000 cm 
3 


8 


Fig. 4. 1) The absorption spectrum of tetraethyllead (the legend is 
otherwise the same as in Fig. 1); 2) the Raman spectrum of Pb(C,Hs)4. 
The sharp rise on the curve indicated by the arrow shows where the 
compound begins to decompose while the spectrum is being taken. 


The absorption and scattering frequencies connected with the Sn — Alk groups (vibrations involving a change 
in the H — C — Sn bond angle) in Sn — CHg fall at 1190-1195 cm“! (Fig. 1) and at 1183-1190 cm" in Sn-CHs (Fig. 
2). The corresponding absorption band in Pb(C,Hs), falls at 1158 cm~ (Fig. 4) (the Pb — CHg group in Pb(CHs), has 
the band at 1170 cm~! [5)). 


The C = C bonds in the vinyl and allyl derivatives absorb at 1580 cm [in (C,Hs)pSn(CH = CH), for example] 
and 1628 cm~ [in (CHs)SnCH2 — CH = CHg and (C,Hs)sSnCH, — Ch = CHa] respectively (Figs. 1 and 2). 


The absorption bands for the stretching vibrations of terminal methylene groups = CH falls at vas = 3045- 
3050 cm~! in the vinyl derivatives and vas = 3080 cm~? in the allyl derivatives (Figs. 1 and 2). 


The frequencies for the absorption and scattering of light by Sn — C bonds in individual molecules are listed 
in table (see also the figures). 


The Sn(C,Hs» group in diethylvinylchlorostannane has a v gp - Cc = 526 cm~! and 495 cm~! while the Sn—CH = 
= CHy has the band at 471 cm“! (Fig. 2). 


In the case of tetraethyllead the Raman spectrum yields bands at v pp - c = 443 cm~! (type A) and 458 em~* 
(type F) while the IR spectrum exhibits a band at 460 cm” (type F); or in other words the skeletal vibrations occur 
at lower frequencies than in the case of tetraethyltin (Figs. 2, 3, 4). 


It is obvious that the IR absorption bands and Raman lines representing the Sn — C stretching vibrations general- 


ly fall in the 450-530 cm™ region; in organic derivatives of germanium the stretching frequencies for the Ge — C 
bond lie in the 500-650 cm~ region [2]. 


The author would like to express his gratitude to I. V. Obreimov for his interest in this work and valuable 
comments and also thank V. F. Mironov for kindly providing the compounds, 
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THERMODYNAMIC PROPERTIES OF Ag — Bi MELTS 


A. A. Vecher and Corresponding Member of the Academy 


of Sciences, USSR, Ya. I Gerasimov 


M. V. Lomonosov Moscow State University 
Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 2, 
pp. 381-383, November, 1961 

Original article submitted June 28, 1961 


From a study of the electro-motive forces (EMF) of the galvanic elements: 


Ag/Ag™ in melt Agl + Nal + KI Ag~ Bl alloy. 


As a function of the temperature (650-850°C) and the composition of the alloys, we determine the thermodynamic 
properties of the system Ag — Bi in the liquid state at 1000°K. The technique of conducting the experiment has been 
described previously [1]. The silver used to prepare the alloys was made from “pure” grade Ag,O by thermal de- 
composition, and the bismuth was made from analytically pure Bi,O, by hydrogen reduction. The majority of the 
alloys were analyzed after the experiments, and, as may be seen from Table 1, during the course of the experi- 
ment the composition of the alloys remain practically unchanged. We did not observe any indications of electro- 


TABLE 1. Experimental Data on Ag — Bi Alloys at 1000°% 


§ | Temperature of liquid 
| phase, °C 
> 
S 3 our data 
2 
> pope in 
> w 
0,097 0,092 36,5 [0,207] 5,28 8,42 355 357 293 
0,207 — 93,2 | 28,6 10,339] 4,59 6,60 401 405 359 
0,323 0,309 66,2 22,8 10,464] 3,74 5,26 437 443, 388 
0,454 -- 47,8 18,2 0,574] 3,09 4,20 464 473 423 
0,564 0,558 35,5 16,0 [0,662 | 2,86 3,69 505 518 450 
0,682 0,679 20,3 by | »790 | 2,47 2,93 567 586 521 
0,784 —_ 6,4 11,2 0,928 | 2,44 2,58 670 689 669 


* Standard state — solid silver. 


chemical interaction between the alloy and the electrolyte, and the reproducibility of the EMF values was not less 
than 0.5%, Our experimental data is given in Table 1, and the thermodynamic quantities, calculated in the usual 
way, for the formation of alloys from liquid components are given in Table 2 and in Figs. 1 and 2. 


The phase diagram of the system Ag — Bi is a simple eutectic with very narrow solid solution regions [5]. Over 
a wide range of compositions practically pure silver is deposited from the alloys on cooling, and this makes it pos- 
sible to find the temperature of the liquid phase corresponding with the alloys immediately, by extrapolating the data 
on the EMF as a function of temperature to zero EMF. As may be seen from Table 1, good agreement with the data 
in the literature [4, 5] occurs only at high temperatures. If we take account of the fact that what is deposited is a 


| 
. 


TABLE 2. Energy Changes of Two Liquid Ag — Bi Alloys at 1000°K* 


Azexd AH | Asexc Azexc| ay |asexc 
*ag | | | cal | kcal *ag | | | cal | kcal 
gat |g-at. |g: at gat jg-at |g. at 


0,4 0,909 | 4-416 0,5 |0,479|0,619| +168|+4.0,65} +-0,47 
0,2 | 0,258 | 0,844 | +186 |+0,52) +0,33 0,6 | 0,535 | 0,540} +101 |+0,55) +0,44 
0:3 |0;344 | 0;769| +207 +0743 || 0:7 |40'39] +0'35 
0,4 10,417 0,691 | +174|+0,69] +047 || 0,8 [0,745,233] —52 +0,22 
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0,87 |0,1: |—20 14,06 +0,1 
* Standard state — liquid components; expressed in terms of [2] the values taken were 
melting point of silver 1234°K, heat of fusion 2.69 kcal/g-atom. 


TABLE 3, Enthalpy of Formation (Fig. 2) [2] and Electrode Poten- 
tial [8] of Halides of Bi and Ag 


Cation Bri- 


23,70 +0,1 


+2,33 +2,14 +4,75 
30,2+0,7 19,3-+-2,7 8,0+1,75 
23 42,15 


solid solution of bismuth and silver, this does not help matters, 


ay ‘at (0% since in this case (see Table 1), the calculated temperature of the 
ae | e ‘ liquid phase is even higher. The values of the solubility of Bi 
of ay B — ae and solid Ag were taken from [8]). It is probable that at the lower 
iS mi +c 7 + temperature there is a change in the entropy of mixing of the 
100 . alloys, from a change in coordination number, and the relation 


between EMF and temperature ceases to be linear. This phenome - 
non requires further study. 


There is data in the literature on the EMF of Ag — Bi melts, 
but in contrast with our work, the electrolytes used were melts of 
chlorides of lithium and potassium [6] and bromides of lithium 
and potassium [7]. The data on the energy changes of the energy 
system Ag — Bi obtained by using all these electrolytes is given 
in Fig. 1. Comparing it with our data it can be said that in general 

_they are all similar to one another, although it should be noted, 
that the data from the experiments with bromide electrolytes al- 
ways lies between the data from the experiments with chlorides 
and iodides, In Table 3 we give data on theenthalpy of formation 
in kilocalories per gram — equivalent at 298°K to the salts of sil- 


ver and bismuth [2] and question the values of the electrode = 
potentials of these metals (in volts) in the salts in question with a | 
respect to sodium, as given by Delimarskii [8]. = 

It is clear from Table 3 that if bromides and chlorides are a 


used as electrolytes it is possible to have a distorting effect from 
the electrochemical interaction between the alloy and the elec- 
trolyte, which has small probability when iodides are used, be- 
cause of the large difference between the enthalpys of formation 
and the electrode potentials, and therefore we are inclined to con- 
sider our data on the thermodynamic properties of Ag — Bi melts 
as more reliable, 


Fig. 1. Energy changes of the system Ag-Bi 
at 1000°K. A) Our data, obtained in iodide 

electrolyte; B) data of [6], obtained in chlo- 
ride electrolyte; C) data of [7], obtained in 

bromide electrolyte, 
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We have pointed out previously [9] that there is a great similarity between the energy changes of the system 
Cu — Sb and the system Ag — Sb; no such similarity exists between the system Cu — Bi and the system Ag — Bi. More 
than this, in contrast with the Cu-Bi alloys where there are large posi- 
tive deviations from Raoult's law [10], in the system Ag — Bi the positive devia - 
tions from Raoult's law with small concentrations of silver in the alloys, be- 
come negative at a concentration of silver greater than 45 atom % (see Fig. 2). 
We also note, that while in the series Cu — Sb, Ag — Sb, and Au — Sb the com- 
plexity of the phase diagrams becomes less (see [3], in the series Cu- Bi, Ag 
Bi, and Au — Bi the reverse effect is observed. It is probable that in all these 
alloys a very great role is played by interaction between the electronic shells of 
the atoms, and their behavior can be understood only after investigating this 
interaction. 
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The question of the "thermal" slip of a gas along a solid surface was first treated theoretically at the end of 
the last century by Maxwell [1]. He showed that if there is a tangential temperature gradient, grad T, the gas begins 
to move along the wall, and he obtained the equation for the rate of slip as a function of grad T, the viscosity of the 
gas 1, the density p and the temperature. However, as we have shown previously [2], Maxwell's approach to the 
solution of the problem was extremely unrigorous. Consequently, the value of the numerical coefficient in the 
equation which he derived has raised considerable doubt. Nevertheless, all the people who have investigated this 
problem, both theoreticians and experimenters, right up to the present time, have used precisely Maxwell's for- 
mula for lack of anything better. A thermal slip has been used, and at the present time is still being used to ex- 
plain the thermophoretic motion of large aerosol particles with dimensions greater than the mean free path of the 
molecules in the surrounding gas. However, a number of experiments show that the theory of this phenomenon, 
based on Maxwell's formula [3], fails to give results that are in agreement with experiment, in particular, with res- 
pect to the relation between the rate of motion of the particle and the thermal conductivity of the material that it 
is made of. Inwhat follows we shall try to show how to obtain a more rigorous expression for the rate of thermal 

slip, using Onsager's principle of the thermodynamics of irreversible processes for the purpose. 


1. We shall consider the problem of the motion of a gas in a quasi plane slot formed by the lateral surface of 
a cylinder of fairly large radius r, capable of rotation, witha fixed curving surface. The width of the slot h <« r. 
Assume that a temperature gradient may be established in the gas contained in this slot. Then, if the cylinder is 
rotated under the action of a moment M, with the temperature drop AT between the ends of the slot, there will be 
a change in the entropy S of the system according to the law: 


dS M , 


where v is the velocity of the cylindrical surface, and Ig is the heat flux through the cross section of the slot . In 
accordance with the methods of the thermodynamics of irreversible processes, we may write the thermodynamic 
equations of the motion in the form: 


M AT 
C= 


M AT 
Ig 


where from Onsager’s theorum Ly as equal to Ly. 


We shall consider isothermal motion (AT = 0). The heat flux at constant temperature will be expressed in 
the form Ig = Lz; M/rT. On the other hand, at M = 0 


AT AT 
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Thus, having calculated the heat flux in the gas when the cylinder is rotating under the influence of the 
moment M at constant temperature, we can find the rate of motion of the cylinder v under the influence of the tem- 
perature drop AT. For nonturbulent gas flow in the plane slot at constant temperature we have: 


where n is the coefficient of viscosity of the gas, and dv/dx is the velocity gradient in the gas at a sufficiently 
great distance from the walls (the x axis is directed along the normal to the cylinder inside the slot). Thus, the rate 
of thermal motion of the cylinder may be expressed in the form: 


Iglr_ AlnT 
dujdx 


= 


2. Let the surface of the cylinder be such that fraction €, of the gas 
molecules striking it is reflected diffusely, while the fraction 1 — €, is reflected 
specularly. Correspondingly, let the coefficient of diffused reflection on the 
surface of the wall bee». Further, let the volume of gas in the slot far from 

the walls (we assume that the thickness of the slot L >>), the mean free 

path of the gas molecules) establish under the influence of the rotation of the 
cylinder a velocity gradient 


dv du 


dx “m) dx? 


where k is Boltzmann's constant, m_is the mass of a molecule, and u is a dimensionless velocity. 


Using the results of our work [2], it may be shown that the gas in the slot can be described in the region near 
the wall by the distribution function 


(where the symbols have the same meaning as in [2]). 


In the region near the surface of the cylinder we have: 


| 
at =[—1 + 
|! 


Near the fixed wall the state of the gas is described by a similar distribution function containing the co- 
efficient e2. With the aid of the distribution function it is an easy matter to calculate the heat flux Ig|T from 
the usual formulas (the energy flux minus the enthalpy flux). We have 


2kT + D) du 


at the surface of the cylinder. Integrating with respect to x from 0 to gives 


M_ 
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I? |r = 8a (1—e,)D+C° dx 


At the wall, using the opposite sign of du/dx, we have 


2kT =—s (C+ D) du 


The total heat flux per unit length of the cylinder will be: 


=19 13 \r = 


nkT 2kT du &2 
~ "8 C+D (i—e)D4+C 


Thus, for the rate of rotation of the cylinder under the influence of a temperature drop we have (setting « = 
= 1.56/2) 


It is clear from the resulting formula that the rate of rotation of the cylinder is the difference between two quan- 
tities, each of which depends only on the properties (€ 3, €2) of one of the two surfaces (the cylinder and the fixed 
curved surface), and is independent of the distance between them. This is physically possible only in the case where 
v is the difference of two velocity discontinuities, i.e., of the two thermal slip velocities of the gas, relative to the 
solid surfaces. Here the thermal slip velocity of the gas along the surface must have the form: 


4 + D) 
or for 6,= 1 


D 
v= TAIT (1 +3). 
Substituting the values of D and C calculated in [2], we obtain 


uv. = 0, 0218 AlnT., 


Comparing the resulting expression with Maxwell's formula for this case shows that they differ only in the co- 
efficients, the coefficient in our formula being approximately 35 times smaller. 


The calculation which has been made, makes it possible to conclude that the motion ot aerosol particles in a 
temperature field is determined, basically, not by the effective slip, but by some other mechanism 


Another indication of this is given by the fact that the thermophoresis rate of smail aerosol particles, which 
we calculated [4] for the case of specular reflection, obviously bears no relation to the thermal slip at the macro- 
surfaces, and agrees with Maxwell's vaiues for the velocity of "thermal slip.” 
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EFFECT OF SOLUTION CONCENTRATION ON THE CON- 
FORMATION OF A POLYMER CHAIN IN SOLUTION 
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From a study of the properties of solutions of polymethacrylic acid over a wide range of temperatures and con- 
centrations we have established the fact that on going from dilute to concentrated solutions a change in sign of the 
temperature dependence of viscosity occurs [1, 2]. The mechanism of this phenomenon, which has to do with a change 
in conformation of the chain, is discussed in the present paper. 


We have used a rotational viscosimeter of Shvedov type to study the variation of the dynamic viscosity of 
aqueous solutions of polymethacrylic acid (viscosimetric molecular weight 330,000) concentrations of 6, 9, and 12% 
at temperatures of 20-65°. The most important results are given in figure. The data obtained testified to the fact 
that over a wide range of displacement velocities the viscosities of 6% solutions are higher at 20° than at 50°, and at 
the same time that, beginning with a concentration of 9%, the higher the viscosity value, the higher the tem- 
perature. A similar increase in the viscosity of solutions onheating of polymers in pure solvents has been observed 
previously with water solutions of gelatin [8, 4] and benzene solutions of butyl rubber [5, 6], and has been explained 
by the occurrence during heating of unwinding of the macromolecular chains. It isnatural to assume that in the 
case of polymethacrylic acid, the viscosity increase on heating in concentrated solution is also a matter of chain 
unwinding caused by the decomposition of intermolecular bonds, accompanied by strengthening of the interaction 
of the unwound chains with one another. This assumption is also supported by the data given in figure on the sharp 
increase in viscosity on reaching some value of displacement velocity. For a 9% solution, the sharp increase in 
viscosity occurs at a displacement rate of 6.3 sec! ata temperature 50°, and for a 12% solution, it occurs at a lower 
displacement rate at as low a temperature as 20°. This phenomenon, observed by Kachal'skii [9] and called nega - 

tive thixotropy, is to be explained only by chain unwinding 
— logsan under the influence of displacement stresses. It is an essen- 
tial fact, as we have shown, that the phenomenon of nega- 
ae TET ee Bin tive thixotropy has both a lower and an upper temperature 
— ao limit within which it appears. For a 9% solution the pheno- 
menon of negative thixotropy does not appear at temperatures 
above 60°, for a 12% solution it is not observed even at 50°. 
I% 50° Apparently, the upper limit of temperatures at which it is 
; possible for negative thixotropy to occur is fixed by the tem- 
{ perature of gel formation [6]. It is obvious that at that gel 
i a formation temperature the chains are already sufficiently 
he”. unwound so that no additional unwinding occurs under the in- 
; 1 fluence of displacement stresses. 


In our previous study [1, 2] of gel formation in poly- 
methacrylic acid solutions, we started from the point of view 
9%; 20° that the increase in viscosity and the structuration occurring 

from reduced solubility on heating is a matter of additional 
5% 20" winding up of the macromolecules and strengthening of the 
x interaction between them. In the light of the data which we 
have now obtained, we feel that the gel formation is deter- 
mined rather by the chains unwinding during heating. Actually, 


0 1 logy9G(sec 


6%, 50° 


q 
. 


going to a concentrated solution changes the ratio between the number of intra- and intermolecular bonds, as a 
result of which going over to a more unwound confirmation with poorer solubility can be thermodynamically more 
favorable. Although straightening out the chains causes a reduction in entropy, it can be compensated for by a con- 
siderable change in heat content on account of the fact, that with unwound chains, a considerably larger number 
of carboxyl groups can take part in the interaction. 


The ideas presentedhere are in agreement with the data of Harmann and Patat [7], who observed a sharp 
reduction in the solubility of dextrane in water under a prolonged application of displacements stresses associated 
with chain unwinding and strengthening of intermolecular interaction between the chains. Transition to a more un- 
wound conformation of the molecules of polyacrylic acid on increasing the concentration of the solution was ob- 


served in the paper by Kargin, Bakeev, and Pshezhetskii [10], which also supports our point of view as regards chain 
unwinding in more concentrated solutions. 


Thus, it follows from what has been presented that the conformation of a polymer molecule in solution depends 
not only on the nature of the polymer, the solvent, and the temperature, but on the concentration of the solution as 
well. 
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THE ROLE OF PHASE TRANSFORMATIONS IN THE POLYMERIZA- 
TION OF MONOMERS IN THE SOLID STATE 
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It follows from a number of papers published in recent years, that the polymerization reactions of monomers 
in the solid state may be divided into two groups: fast (explosive in the extreme case) [1-6], and slow [7-9]. Ex- 
plosive polymerization reactions are induced both by chemical means (in the simultaneous condensation of vapors 
of monomers and various initiators on a strongly cooled wall [1-4, 6]), and by the action of high energy radiation 
[5]. Therefore it is to be assumed, that the explosive character of the reaction is not so much a matter of the nature 


of the particles produced in the polymerization, as of the special conditions arising in the system of ordered monomer 
molecules. 


It follows from the data to be found in the literature that slow polymerization of crystalline monomers proceeds 
at rates which are considerably less and are characterized by considerably larger activation energies of the chain 
growth reaction, than the polymerization of these same monomers in the liquid phase (in the case of acrylamide, 

for example, 25 kcal/mole in the solid phase, as contrasted with 7-10 kcal/mole in the liquid phase [9]). Along 

with this, the very fact that there is such a thing as fast polymerization at very low temperatures causes one to sus- 
pect that under the proper conditions the formation of polymer chains in the solid phase can occur with very small, 
practically zero, activation energies. It has been possible to show that explosive polymerization of a number of 
monomers (acrylonitrile, methacrylonitrile, acrylamide, methacrylamide, methylmethacrylate, etc., [3, 4, 6]) may 
be brought about at considerably lower temperatures than the temperatures at which slow polymerization has been 
repeatedly observed when the crystals are irradiated. 


In order to elucidate the mechanism of fast polymerization in the solid phase, we have studied the conditions 
required for the existence of explosive polymerization in frozen molecular mixtures of monomers and active par- 
ticles, using as an example the system: acrylonitrile (m.p. — 83°) — magnesium, and the system methylmethacrylate 
(m.p. — 50°) — magnesium, using for this purpose the method of thermal analysis and observation of the frozen mole - 
cular mixtures in polarized light. To prepare the molecular mixtures we used a modified form of the apparatus de- 
scribed previously [1, 4] (Fig. 1). Simultaneous vacuum condensation of the vapors of the monomer in the metal 
was effected on the glass plate 1, ground onto the end of the copper cylinder 2, which was cooled with liquid nitrogen. 
The temperature change in the condensate layer was measured by means of a thin (0.1 mm) copper-constantin ther - 
mocouple 3, one of the junctions of which was fastened directly to the surface of the glass plate, while the other was 
fastened to the body of the cylinder being cooled. The indications of the differential thermocouple were recorded 
on a sensitive EPP-09 electronic potentiometer. In making measurements on the surface of the glass plate a thin 
(0.03 mm) layer of molecular mixture of monomer and initiator in the approximate ratio of 100 : 1 was solely de- 
posited. The condensation was carried out at such a rate, that the temperature in the layer did not exceed — 160°. 

At the end of condensation, the layer of condensate appeared as a glassified homogeneous transparent film, con- 
taining, according to [2], magnesium -organic radicals "stuck" in the monomeric glass. Then the liquid nitrogen 

was removed from the copper cylinder, after which the cylinder was slowly heated (at a rate of 2°/min). The tem- 
perature of the cylinder was measured with the copper-constantin thermocouple 4, one of the junctions of which 

was placed in the body of the cylinder, while the other was placed in liquid nitrogen. Figure 2 shows typical cur- 

ves of temperature against time. It is obvious that explosive polymerization, accompanied by considerable libera - 
tion of heat, occurs either at —160° (curve 1), or at —-135° (curve 2). Here the degree of conversion reaches 100%. 
The temperature time curves of a condensate which does not contain any active centers, taken under similar con- 
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ditions show that at these temperatures 2 exothermic transitions occur in frozen acrylonitrile (curve 3). The first 
transition can be observed visually from the clouding of the transparent condensate layer. It comes from crystal- 
lization of the monomeric glass when it reaches the Tamman temperature. The nature of the second transition is 
less clear. It is probable that it comes from additional ordering 
processes in the microcrystalline mass formed as a result of the 
first transition. Both transitions are irreversible and are not reprod- 
ucible on repeated cooling and heating of the condensate .* 


Thus, the experiments described show that fast polymeriza - 
tion of acrylonitrile at temperatures considerably below the melting 
point is intimately bound up with the molecular mobility, which 
can be achieved in phase transformations in the solid state in the 
present case with the transition of the glass crystals. A transition 
of this sort is always “held in reserve” if the monomer is in the 
glassy state. This condition is fulfilled in the condensation of 
vapors on a surface cooled to a temperature at which the monomer 
molecules experience inelastic collisions with the surface. 


It should be noted that for explosive polymerization to exist 
it is not necessary for the whole volume of the solid monomer to 
take on a temperature at which molecular mobility appears. It 
is often sufficient to heat, for example, only the surface layer. 

In this case, the heat, developed by the polymerization, heats the 
adjoining layers, and the process goes like a thermal explosion. 
Analogous phenomena are observed in the thickening of layers (ap- 
pearance of a temperature gradient) of molecular mixtures of 
monomers and initiators in the condensation reaction on a surface 
cooled to liquid nitrogen temperature. 


Fig. 1. Diagram of apparatus (Left: general 
view. Right: cooled cylinder and thermo- If the surface, on which the condensation is being carried out, 
couples.) is at a higher temperature, the molecules and radicals being con- 


densed are able to migrate over the surface, trying to produce crystal - 
lization nuclei. In this case, instead of a uniformly amorphous layer, growths of well formed crystals occur at vari- 


ous parts of the surface, which show characteristic birefringence. We have observed this phenomenon in the vacuum 


Fig. 2. Temperature - time curves of acrylonitrile - magnesium 
molecular mixtures (1, 2) and pure acrylonitrile (3). T) Tem- 
perature of copper cylinder; AT) temperature difference be- 
tween copper cylinder and condensate. 


* The question of why in some experiments the polymerization occurs at the first transition, and in other experi- 
ments occurs at the second transition requires additional investigation. 
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condensation of vapors of methylmethacrylate and magnesium on a glass sphere, cooled to —75°, in an apparatus, 
described previously [1, 4]. Figure 3a shows a typical photograph of a radial growth of crystals (spherolite) of methyl- 
methacrylate on the surface of the sphere taken in polarized light. The characteristic Maltese Cross is clearly visible. 
Polymerization goes very slowly in such a system at —75*, and is accelerated by gradually raising the temperature. 
The polymerization reaction may be observed in polarized light from the disappearance of the birefringence. By 
examining the surface of the sphere between crossed polarizers with a long-focus microscope, we convinced our- 
selves that the polymer begins to form on the edges of the spherolites, on the boundaries between separate crystallites, 
and at the places where flaws occur. Later on, the reaction always occurs under heterogeneous conditions at the 
crystal ~ polymer boundary. The shifting of this boundary right up to the end of polymerization can be clearly ob- 
served in polarized light. Figure 3b shows a portion of spherolite, in which the polymerization is already over (the 
birefringence has disappeared) ,alogg with the boundary, separating this portion from a portion which has not yet start - 
ed polymerizing enough shows birefringence. If the surface temperature of the sphere is raised at a rate of 0.3°/min, 
the polymerization is completely finished 3-4° below the melting point of methylmethacrylate . Here the birefrin- 
gence disappears completely. Figure 3c shows a photograph of the same spherolite as in Fig. 3a, after the poly- 
merization is completelv finished. The picture was taken with the polarizers removed. The growth of monomer 
crystals has been converted into an isotropic piece of polymethylmethacrylate, which maintains its original form, but 
with a considerably larger number of flaws. 


Fig. 3. Photomicrographs of methylmethacrylate crystalline growths in the course 
of polymerization. a) Spherolite before the start of polymerization; b) boundary 
between polymerized and unpolymerized parts of the crystalline growth; c) same 

spherolite as in a, after polymerization is complete. Magnification 70 x. 


Thus, by using the optical method, we were able to observe the typical picture of "slow" polymerization in 
the crystalline state, which is completely similar to the one which was observed by Adler et al [10] during irradia - 
tion of acrylamide crystals. It should be emphasized, that simultaneous condensation of methylmethacrylate and 
magnesium vapors on a surface, cooled by liquid nitrogen, accompanied by the formation of an amorphous layer, 
leads to explosive polymerization at considerably lower temperatures. Discussing the question of polymerization 
in the solid phase, N. N. Semenov [11] made the proposal that, because of the collectivation of electronic levels 
in the region where the crystal is ideal, the formation of the polymer chain from the ordered molecular substrate 
goes as one reaction act and does not require any activation energy. A concrete scheme of formation of a polymer 
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chain in an ideal monomer crystal under the influence of an exciting agent has been discussed recently by E. I. 
Adirovich [12]. N. N. Semenov's hypothesis is very attractive, since it enables us to explain the fast low temper - 
ature polymerization of solid monomers. However, examination of the experimental data on the polymerization 

of crystalline monomers shows that in equilibrium ("ideal") monomer crystals, far removed from their melting point, 
high transformation rates are not usually observed. They show typical "slow" polymerization. More than that, the 
polymerization reaction is found to be accelerated under precisely those conditions in which the crystals begin to 
show defects (for example, in the solidification of melts [9] or in the vicinity of the melting point). 


In all probability, fast low temperature polymerization reactions in the solid phase can be brought about only 
in case the ordering of the reacting molecules is found to be associated with a sufficient degree of mobility. The 
fact of the matter is that if a polymer chain is formed in an ideal crystal, it must immediately produce a defect, 
on account of the change in the interatomic distances. As the chain becomes longer, the defect becomes bigger, 
which inevitably stops the growth of the chain, and causes “freezing” of the active center. If the active center is 
going to enter into the reaction again and continue the growth of the chain, there must be some local thermal re- 
construction of the crystal ("healing of the defect"), i.e., relaxation of the stress caused by the irreversible dis- 
placement of the molecules taking part in the reaction. The observed high activation energies of the chain growth 
reaction (in particular in the postpolymerization stage) probably come from just this kind of reconstruction, which 
limits the polymerization rate . Reconstruction of this sort occurs most easily on the surface of crystals, or at the 
places where flaws and dislocations occur. Therefore these are precisely the places where polymerization of crystal - 
line monomers starts, and it goes on principally at the crystal — polymer interface [10]. Factors which facilitate 
molecular regrouping of the monomer at an interface, e.g., adsorbed solvent layers [9, 13, 14], lead to a marked 
acceleration of the polymerization. 


It is a different state of affairs if the conditions in the solid monomer are such as to allow fast migration of 
defects (appearance and “healing"). This removes the fundamental limitation on the instantaneous, activationless 
(Semenov) growth of chains in an ordered solid phase. Conditions of this sort can arise in a solid, for example, during 
phase transitions near the melting point. If the concentration of active centers in a frozen monomer is high 
enough, the sudden appearance of molecular mobility with the orderedness still maintained, will lead to practically 
instantaneous polymerization. 
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The ignition of a gas mixture from a spark is one of the forms of thermal explosion, and the critical conditions 
for its occurrence exists when the rate of heat liberation from the reaction into the volume heated by the spark is 
equal to the heat conduction from the external surface of the region where the burning occurs into the surrounding 
gas (See[1], Sec.15).A technique for producing artificial turbulence of the gas in a closed volume [2] makes possible 
a quantitative investigation of the effect of turbulence on the ignition of gases from a spark. The data given in 
Fig. 1. show that if the energy of the spark from a capacitor is constant the absolute interisity of turbulence(U' 5) 
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Fig. 1. Ignition limits of a propane-air mixture. I) As a function of pres- 
sure at various mixture compositions; II) as a function of concentration at 
Po = 1 atm with constant spark energy. a) With the spark energy reduced 
20 times; b) ignition limits of the methane -air mixture. 


produced in the bomb is increased and either the limits of concentration come closer together, or the lower pres- 
sure limit is raised. The limits of concentration also come closer together as the energy of the spark is reduced, the 
moreso, the higher the intensity of turbulence. (see Fig. 1, II). Qualitatively, these results are in agreement with 
observations on a turbulent stream of gas — air mixture, i.e., the limiting ignition current is raised as the velocity 
of the stream is increased [3]. However, the value of the observations is not exhausted by demonstrating what, on 
the face of it, appears to be a trivial fact, namely, that increasing the turbulent heat conduction from the original 
focus of the reaction makes ignition from the spark difficult. Actually, with a turbulent heat exchange mechanism, 
the heat conductivity of the gas should have no effect on the heat conduction, and consequently, it should have no 
effect on the ignition limit. It is precisely for this reason that the turbulent combustion rate, which is determined 
directly by turbulent diffusion, is independent of the thermal conductivity of the gas mixture, and, by the same fact, 
is independent of the laminar combusion rate at constant partial pressures of the reacting components and constant 


| a=10 I Wea 
: A 
= = \ 
‘ 
| \ 
° I: 
\ 
= Po = 1 atm \ 
Oo | | \ 
866 


combustion temperature. 


This fact, which is one of the decisive indications that a turbulent combustion mechanism 


is inconsistant with the so-called "surface-laminar model," is clearly demonstrated by experiments on stoichimetric 
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mixtures of propane and hydrogen with oxygen diluted 
with helium or argon, and all having the same combustion 
temperature (Fig. 2). The turbulent combustion rates are 
the same over wide ranges of change in the intensity of 
turbulence, with a difference in laminar combustion rates 
of approximately two-fold. But, as is also clear from Fig. 
2, the ignition limit when diluted with helium occurs at a 
considerably lower intensity of turbulence than when dilut- 
ed with argon. (In a propane mixture diluted with argon, 
the maximum intensity of turbulence at our disposal is 

in general not sufficient to reach the ignition limit.) The 
data obtained show that even with atwenty fold increase 
in spark energy, the ignition limit in mixtures diluted 
with helium remains considerably lower than with argon. 
It is, therefore, necessary to recognize that turbulent 
mixing of the gas makes spark ignition difficult, but that 
this occurs in the presence of a conductive mechanism of 
heat transfer from the original focus of the reaction. This 
may be explained by the fact that the heat transfer in the 
fresh gas is determined by the thermal resistance of the 
boundary layer surrounding the focus. With weak tur- 
bulence, the turbulence causes curvature of the surface 

of the original focus of the reaction, as may be seen from 
the series of pictures in Fig. 3b taken by Schlieren moving 
pictures. Only after a period of 1.5 milliseconds from the 
moment of spark discharge, beginning with picture No. 8, 
is there any visible breaking up of the focus to show that 
any actual turbulent transfer mechanism is entering into 
play. Conductive heat transfer through the boundary layer 
curved surface raises the heat conduction from the sur- 
face of the laminar plane, but it also slows up formation 
of the flame in the turbulent gas (See the series of pic- 
tures a, b) and narrows the ignition limits. 


Fig. 3. Series of movie frames of hydrogen-air flames with a = 0.2. a) Laminar 
flame; b) initial stage of propagation of a turbulent flame at U'y = 2.8 metersfec; 
c) breakup of the original focus at U'y = 7 meters/sec; d) limit of propagation. 
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With strong turbulence, dissipation of the original focus occurs after it is torn loose from the electrodes as may 
be seen from Fig. 3c. The higher the intensity of turbulence, the earlier in the course of formation the focus is torn 

loose then the greater the ratio of surface to volume of the focus of the reaction. The heat conduction from unit sur- 
face is, as before, determined by the thermal conductivity of the gas. Some particularly interesting things are to be 


found in the limits of turbulent ignition of hydrogen-air mix- 


uy(m/sec) tures. As may be seen from Fig. 4, the ignition limit with 
7 excess hydrogen occurs at lower intensities of turbulence 
than with an excess of air, in spite of the higher combus- 
tion temperature of the rich mixtures. Thus, at a= 0.17 
6 (combustion temperature 1300°K), the limit is U'y = 2 
meters/sec, and at = 5.6 (combustion temperature 860°K), 
sk a the limit is U'» > 5 meters/sec. 


In addition to the increased thermal conductivity, the 
lowering of the limit in rich hydrogen-air mixtures is marked - 
o ly affected by the fact, that the reaction rate increases with 

the Q,/H, ratio. Thus, from experimental data [4] and from 
0 4 calculations [5], the maximum width of the chain ignition 

region corresponds with the composition Hz + 40), ie., a= 
4 a~5S6 u,,~Q09m/secT,.~860°% = 8 (see [5], page 76). An increase in the reaction rate in 
mixtures of hydrogen with excess air appears even in com- 
parison with the turbulent combustion rates far from the 
ignition limits. Thus, Uy is considerably higher for a mix- 
ture with a = 4.25 in a combustion temperature of 1030°K, 
than for «= 0.2 and a combustion temperature of 1400°K. 


@~0Q2 


1 3 4 4 Rec) This again confirms the lack of correspondence between the 
rates of turbulent and laminar combustion: the latter are 
Fig. 4 considerably higher in the rich mixtures with a higher mole - 


cular transfer coefficient. It follows from the data given 
in Fig. 1b, that for the same intensity of turbulence the poorer combustion limit for mixtures of methane is wider, 
than for propane mixtures, in spite of the fact that the thermal conductivity of the methane mixtures is higher. This 
difference must also be attributed to the greater reaction rate in the poorer methane mixtures in comparison with 
the higher alkanes, as were shown in our paper [6]. As may be seen from Figs. 2 and 4, the increase in the rate of 
turbulent combustion with intensity of turbulence is slowed up as the ignition limit is approached, and departs from 
the linear law uy ~ u' y(to/r4) [1]. However, a study of the movie frames, for example, Fig. 3c, shows that this 
deviation can not be ascribed simply through slowing up the turbulent propagation of the flame. Actually, it has 
to do with a profound change in the very nature of propagation of the flame, in particular with the fact, that at 
large intensities of turbulence the flame is propagated in separate tongues, and does not fill the whole volume, corre - 
sponding to the radius to which they extend out. If we calculate the circle of area equivalent to the total projec- 
tion of the tongues of flame, we naturally find a reduction in the apparent flame velocity Ur= dr/dt. The ratio of 
the actual volume Va, occupied by the individual tongues of flame, to the volume Vy of a sphere with a radius 
equal to the maximum distance to which the tongues go out, is a measure of the incompleteness of the filling of 
the volume by the free turbulent flame, and is a constant quantity Vg Vn s 0.35, for the flames which we studied 
from air mixtures with methane, propane, and hydrogen right at the ignition limits. This value is a quantative 
measure of the probability of dissipation of a turbulent flame during propagation. 


As may be seen from the series of pictures in Fig. 3d, at a sufficiently high intensity of turbulence, there is 
complete dissipation of the turbulent flame after it has occupied a considerable volume. Here we are dealing with 
the genuine limit of propagation of a turbulent flame before reaching the spark ignition limit. The fact, that in- 
creasing the turbulence, along with accelerating the combustion, leads, beginning at some value of U' y, initially 
to an increase in the probability of dissipation, and then to complete dissipation of the developed turbulent com- 
bustion focus, this fact, we repeat, follows immediately from the ideas suggested by the new model, namely from 
the fact, that pulsating the ignition becomes impossible if the mixing time becomes less than the induction period 
for the ignition: ty= 2,/U'< ry. This reduction of tp = 2 ,/U" below the critical level corresponds with an in- 
crease in U', and, along with the pulsational velocity, it has a statistical character. With increasing mean square 
values of the intensity of turbulence, U'y, the probability of achieving the above in equality becomes greater. 
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Studies of molecular diffusion in double liquid systems have shown that at the critical separation point the 
diffusion rate is equal to zero [1-5]. From the thermo-dynamic standpoint, the critical point of any other type of 
equilibrium is in no way different from the critical point of a liquid — liquid equilibrium. Consequently, the dif- 
fusion rate at the critical point of double gas systems should also be zero. 


Studies of molecular diffusion in gases under pressure present great experimental difficulties. Studies near the 
critical point are particularly difficult, and, therefore, up to the present time, nobody has made any. Making use of 
the fact that iodine gives colored solutions in gases, the authors have developed a technique of measuring the dif- 
fusion coefficient of iodine in compressed carbon dioxide. The experimental study is based on a method used by 
Furth to measure the diffusion coefficients in colored liquid solutions [6], which consists of following the rate of 


development of the colored layer, the intensity of the color being compared with the intensity of a standard colored 
solution. 


The experimental technique was as follows. On the bottom of a high pressure ampule (Fig. 1, 1) with an in- 
side diameter of about 3 mm, was placed iodine pressed into a tablet (2). The free space above the tablet was filled 
with thin glass rods (3) to keep convection currents from being formed (the free cross-section between the rods was 
not more than0.1 mm’). The ampule was closed with a stopper made of fluoroplast-4, and the opening was 

closed by the metal valve tip (4). The flanges on the stopper served as packing between the valve nipple and the 

end of the ampule. Tightening was done by the nut on top which drew the flanges of the ampule up against the val- 
ve nipple. The ampule thus assembled was evacuated and fastened into the holder (5). To keep down the vapor pres- 
sure of iodine, the end of the ampule was kept in a sack of dry ice before the holder was put into the thermostat. On 
the same holder as the test ampule was a control ampule (6) containing a solution of iodine in carbon dioxide, The 
color should be the same in all parts of the control ampule. After the holder was placed in the thermostat at a fixed 
temperature, carbon dioxide was admitted to the test ampule through a heated capillary tube. The pressure was 
measured with a visible reading manometer. 


Near the critical point of carbon dioxide, a practically constant pressure is observed over a wide range of 
densities. In this case, the gas was added not in terms of pressure, but in terms of density. For this purpose, the 
balloon, from which the carbon dioxide was being added, was kept in a thermostat at a fixed temperature. Since 
the volume of the balloon was a thousand times greater than the volume of the ampule, it was possible to assume 
with a sufficient degree of approximation, that the density of the carbon dioxide in the ampule, connected to the 
balloon in the thermostat, was equal to the density of the carbon dioxide in the balloon. The density in the balloon 
was known from the volume (the balloon was calibrated) and the weight of carbon dioxide in it. A final check on 
the density of carbon dioxide in the ampule was made after the experiment. 


After the carbon dioxide was admitted to the test ampule, the iodine began to diffuse into the compressed car - 
bon dioxide, The moment the carbon dioxide is admitted directly to the surface of the tablet, this solution of the 
color front occurred. Therefore, moving the slit (7) immovably fastened with respect to the control ampule, a part 
of the test ampule was found at some distance above the surface of the iodine tablet, where there was the same in- 
tensity of color as in the control ampule. The displacement of this point along the ampule was measured on the 
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Diffusion Rate of Iodine in Compressed Carbon Dioxide 


Diffusion 
Di “10%m. 
sec” 
1 31.5 10.7 0.015 4.5 6.0 ie J 
2 31.5 18,0 0.056 21.0 1.9 ou 
3 31.5 38.7 0.108 | 22.0 1.4 oe Oe 
4 31.5 61.0 0.160 19.5 1.2 a a 
5 31.5 40.7 0.180 26.0 1.4 +6 
6 31.5 73.0 0.385 72.0 0.02 Hi 3 
7 31.5 13.6 0.429 47.0 0.0 
8 40.0 86,8 0,493 7.5 3.0 i 
9 31.5 74.5 0.496 68.5 0.9 .* 
10 31.5 72.8 0.610 | 40,0 3.0 HT | 
11 31.5 14.4 0.620 | 46.0 3.0 is 
12 31.5 81.5 0.720 19.7 4.5 \-2 
scale (8), The rate of this displacement corresponded with the diffusion rate. 
At the end of the experiment the actual carbon dioxide density in the am- 


pule was found, by measuring the quantity of carbon dioxide in the free vol- 
ume of the ampule, The quantity of carbon dioxide was determined from the 
difference in weight of the ampule with and without carbon dioxide, To 
determine the free volume, the glass rods were taken out of the ampule and 
weighed (the specific gravity of the glass of the rods is known), and the empty 
ampule was calibrated with mercury, taking account of the volumes of the 
stopper and the iodine tablet. 


Fig. 1. Apparatus for measuring 
the diffusion rate of iodine in com- 
pressed carbon dioxide. 


To check the method, the diffusion rate of iodine in liquid carbon dioxide was measured. The value of the 
diffusion coefficient at 20° was found to be equal to 1.5 - 1075 cm? . sec™!, which agrees with the usual values of 
the diffusion coefficient in liquids. The visual observation error was 4 1.5 mm. Purified and dried carbon dioxide, 
containing up to 0.1% of inert gases, was used in the experiments. 


The diffusion coefficient was calculated from the approximate equation [7] 


{2 


(1) 


where D is the diffusion coefficient, 1 is the displacement, and t is the time. Since the square of the displace- 
ment is directly propertional to the time, in a plot of 1 against t, the experimental points from each experiment 
should lie on a straight line, the slope of which gives the value of the diffusion coefficient. By way of illustration, 
Fig. 2 shows a straight line of this sort, constructed from the experimental points of run No. 9 (table), With the error 
of measurement mentioned above the minimum values of the diffusion coefficient which could be determined were 
of the order of 1 - 10°? cm? - 


Equation (1) holds strictly for infinitely dilute solutions. Therefore, the values of the diffusion coefficients 
calculated from the experimental data are approximate. For the critical region, however, where the deviations 
from the ideal are considerable, Eq. (1) does not hold at all. Near the critical point, the authors did not make any 
visual observations on the displacement of the color, in spite of the long duration of the observation (table). Con- 
sequently, without recourse to calculation, the authors convinced themselves in a completely direct way that the 
diffusion stops near the critical point of the system. 


The diffusion of iodine in compressed carbon dioxide was investigated at 31.5° and various carbon dioxide 
densities both above and below the critical density (table, Fig. 3). 


| 
is: 
3 
He 


There is no data in the literature on the critical parameters of the system iodine — carbon dioxide, However, 
it is to be assumed that because of the small solubility of iodine in carbon dioxide [8], the critical parameters of this 
system will be close to the critical parameters of pure carbon dioxide (temperature 31.06°, pressure 72.9 atm, den- 
sity 0.467 g/cm’). 


0 2 b0hours 0 Q2s 

CO, density 
Fig. 2. Measurement of diffusion co- Fig. 3. lodine diffusion in compressed car- 
efficient of iodine in carbon dioxide. bon dioxide. 


The experimental data obtained show that near the critical point, within the limits of error of our measure - 
ments, the diffusion of iodine practically stops. We observed the same thing at 32° and 73 atm [9]. As we get away 
from the critical point, the iodine diffusion proceeds at rates normal for compressed gases. 


Measuring the diffusion rate at 40° and a density near critical (Run No. 8) showed that under these conditions 
the effect of the critical point was small. The diffusion coefficient has almost the usual value for compressed gases. 


Molecular diffusion is a result of the Brownian motion of individual particles, As was shown in [10], at the 
the critical point, a Browian particle should be "squelched" on the spot, i.e., the effect of stopping the Brownian 
motion should be observable practically, and, consequently, the effect of stopping the molecular diffusion should 
be observable, too. 


The data obtained by the authors on the diffusion of iodine in compressed carbon dioxide provides experi- 
mental confirmation of these views. 
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One of the fundamental characteristics of the structure of a liquid is the mean coordination number of the 
particles. More than once a close connection has been noted between the coordination number and the thermal 
(above all translational) motion of the particles of the liquid [1-3]. This connection shows up clearly in a high 
level of fluctuations of the coordination numbers [4, 5]. The temperature dependence of the coordination num - 
bers is a matter of great interest. This dependence takes on special importance in the case of liquid solutions, since 
the various temperature changes of coordination number for different sorts of particles lead to substantial rearrange - 
ment of the structure of the solution as the temperature is changed: there is regrouping of the particles, as a result 
of which there is a change in the concentration in the solution of solvent particles which are not in the immediate 
vicinity of particles of the dissolved substance ("free solvent). 


Let us take a binary solution, consisting of particles of the sort a (solvent) and the sortb (dissolved substance). 
The change in the concentration of free solvent in the solution with change in temperature is related to the quantity 


(Se), - (89), 


where Zpha is the mean number of particles of a surrounding a particle b in solution, and Za, is the same thing for 
the solvent particles. 


The rearrangement of structure just mentioned is very important, in particular, in aqueous solutions of elec- 
trolytes. It is for just this reason that a number of the properties of such solutions are extremely dependent on the 
difference between the temperature variations of the coordination numbers of the ions in water solutions (the mean 
number of water molecules constituting the immediate surroundings of a given ion in solution) and the temperature 
variation of the coordination number of the molecules in the water. In [6] a thermochemical method was used to 
find the temperature variation of the coordination numbers of a number of monoatomic ions in dilute aqueous so- 
lutions. It was shown that the dependence of the corresponding quantities 5, on the crystal-chemical radius of the 


ion rj as a whole is given by a curve with a maximum at rj > 1H,0, where THO is the “radius” of a water molecule 
taken approximately equal to 1,38 A, 


It is a matter of interest to find the value of 5} for some liquid solution models. Let the solution consists of 
an assembly of a large number of spheres of diameter Dg forming the "liquid," to which is added a small number 
of spheres of diameter Db. The coordination number Zpg is equal to 


ba 


= 2% \ ga (p) 


0 


(1) 
| 
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where A = 2n/03/y is the dimensionless density of the system, gh (p) is the radial distribution function of the 
pair of particles b and a, and pba. in is the dimensionless distance from the origin of coordinates to the first mini- 
mum of the expression under the integral sign. Za, is expressed in a similar way. The function gp, (p) and gaa(p) 


Fig. 2 


have been found in the form of segments of series in powers 
of X, by solving the Bogolyubov [7] integral equations for 
these functions for a system of spheres. Thus, gpg (p) = 0 
at p < (1+ 6)/2, and 


= 1 + (0) + (0) @) 


at p > (1 + e)/2. The functions gi), and a?) depend on the concentration of the solution n and the ratio 

of the particle diameters ¢ =Dp/Dg. The function gag (p) is found from (3) at « = 1. The series (3)were stopped 

in our work at the terms shown written, but it may be shown, that even at not small values of this does not lead 

to any substantial errors (although the whole calculation is then only qualitatively true). From (3) (0Z»q/0A) and 
(0Zaa/0A) may be found directly, and for a system of solid spheres, these values are independent of temperature. 

The derivatives (0Zya/0T)) and (@Zaq/0T), which interest us may be found from the relation 


oF awe), 


using the equation of state of the system of spheres [7] 


{ 


setting n + 0 for a dilute solution. 


We have made similar calculations for \ = 5, corresponding approximately with the density of a real aqueous 
solution, for 7 values of ¢: 0.5, 0.75, 1.00, 1.25, 1.5, 1.75, and 2.00. The results of the calculations are given in 
Fig. 1 for a value of T5p from (1) as a function of ¢. For comparison Fig. 2 gives the values of 5; for mono- 
atomic ions found in [6]. The obvious correspondence between the calculated results for a system of spheres and the 
experimental results of water solutions of electrolytes is important in connection with clearing up the nature of the 
function 6 4(rj) for these solutions, in particular, the question of the extent to which the function 6 ;(ty) is determined 
by the specific interaction of the ions in molecules of water, and the extent to which it is determined by the ratio 
of the dimensions of the particles of the solution [6]. 
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The question of the polarization of electrodes in the case of solid electrolytes is, at the present time, ap- 
parently, still completely uninvestigated. However, the study of this group of phenomena as applied to solid elec- 
trolytes is beyond any doubt a matter of interest. 


As the electrolyte we chose a solid solution containing 85 mole % zirconium oxide and 15 mole % calcium 
oxide. From the data in the literature [1-4], the electrolyte mentioned is an ionic conductor at the temperatures 
at which our experiments were performed. Its electrical conductivity is caused, fundamentally, by the motion of 
oxygen ions, owing to the presence of a large number of empty oxygen nodes, arising during formation of the solid 
solution and the conductivity is substantially higher than in a number of other solid electrolytes. The free oxygen 
nodes arise in connection with the fact that when the solid solution is formed, the lattice of the cubic (stabilized) 
zirconium oxide is retained, and the calcium ions occupy part of the nodes intended for the zirconium ions [5-7]. 


The solid electrolyte was prepared by a method which has already been described in the literature [4]. In view 
of the nature of the electrolyte selected, it was decided to study the behavior of an oxygen electrode. To this end 
we investigated the following electrochemical circuit; 


Solid electrolyte 


»Pt. (I 
85 mole % ZrO, + 15 mole % CaO 2 ) 


Pt, OQ, 
Setting up a cell of this sort is no different in principle from setting up the one described in detail in one of 
our papers [4]. We shall only note here, that the electrodes were thin porous layers prepared by bringing the neces- 
sary amount of platinum powder onto the electrolyte in a solution of rubber in benzene with subsequent backing. 


The experiments with cell (I) were set up in the following way. Both platinum electrodes were in an at- 
mosphere of air. A direct current was passed through the cell from an external source. One of the oxygen electrodes 
served as anode, the other as cathode. At each value of current, a potentiometer was used to measure the poten- 
tial difference between the cell electrodes. The cell was kept in an electric furnace, the temperature of which was 
maintained with an accuracy of 4 2° by a thermostat. The temperature was measured with a Pt — PtRh thermo- 
couple. Before the measurements were started and after they were finished, the ohmic resistance of the electrolyte 
was measured with an alternating current bridge (frequency 3,000 cycles). 


The measurements were made at temperatures of 900, 1000, 1100°C. The resistances of the electrolyte at 
these temperatures were respectively: 23.90, 7.93, and 3.80 ohms. 


The relation between the current and the voltage at the cell electrodes taken from the measurements with 
direct current is shown graphically for the three temperatures in Fig. 1. It is clear from the figure that the volt- 
age and the current are linearly related. The resistance of the electrolyte, found from the slope of the straight lines 
in Fig. 1, has the values 25.2, 8.3, and 3.86 ohms at 900, 1000, and 1100°C respectively. Comparing these figures 
with the values of electrolyte resistance measured directly, we can say that, at the temperatures indicated in the 
range of currents which we investigated, the overvoltage on the oxygen electrodes is insignificant. However, the 
possibility of a small over-voltage is not completely excluded, especially at 900°C. However, it must be kept in 
mind that we measured the total effect at both oxygen electrodes. For one oxygen electrode the effect would prob- 
ably be less. Thus, it must be concluded that the over-voltage, if it exists at all on an oxygen electrode, is rather 


a 
a 
‘ong 


small, and thus, at the temperatures mentioned it can be neglected in a number of cases. It is obvious that the 
oxygen pressure cannot be very small. Actually, the results of the experiments, which we made in a way similar 

to those described above, but with the air replaced by argon con- 
taining a small amount of oxygen (Po, = 5 « 10°‘ atm), lead to the 
conclusion that there is considerable polarization of the electrodes, ~ 
obviously due, basically, to concentration effects. 


In view of the small value of over-voltage on the oxygen elec- 
trode, it became possible to study the over-voltage on another elec- 
trode which replaced one of the oxygen electrodes in the cell (I). In 
order not to complicate the phenomenon being studied by having 
some solid substance liberated at one of the electrodes, we decided to 
investigate another gas electrode, choosing for this purpose a CO- 
electrode, and the following celi was considered 


Solid electrolyte 
85 mole % +15 mole % | Pt 


Pt, CO+ CO, 
Fig. 1 Th 
e cell (II) was constructed in the same way as cell (1). Since, 
it contrast with cell (I), it gave an appreciable electromotive force,and 
the measurements could be made withcut an external source of the electromotive force. The cell was connected to 
a resistance box in series with an instrument for measuring the current. The current was varied by changing the 
resistance in the box. In this way a study was made of the anode polarization of the CO electrode. 


The anode over-voltage on the CO electrode was determined from the following elementary equation 


where n is the absolute value of the anode over-voltage at the CO electrode, Ey is the absolute equilibrium value 

of the electromotive force of the cell (II), I is the current and r is the resistance of the electrolyte which was measur- 
ed many times in the course of the experiment, always when changing from one current strength to another. IR is 

the potential drop in the external circuit measured directly with a potentiometer. 


The oxygen electrode was bathed with a stream of pure oxygen, the CO electrode with a stream of the com- 
position: 66 vol % CO + 34 vol % CO,. The stream of this gas mixture was kept strong enough so that increasing it 
any more had no effect on the results of the measurements. The EMF of such a cell was _ sufficiently stable, that 
at temperatures above 900° it was practically equal to the thermodynamic value. This gives extra confirmation of 

the fact that the electrolyte selected is an ionic conductor, and shows 
that the electrodes being used at the above temperatures are rever- 
Q6 sible gas electrodes. 


05 In order to isolate the effect being measured in a more pure 
form, the surface of the CO electrode was taken twenty times less 
than the surface of the oxygen electrode. 


The resistance of the solid electrolyte, measured on an al- 
ternating current bridge, drops somewhat as the current is increased. 
It is possible that this is caused by improvement in the contact be- 
tween the electrodes and the solid electrolyte as the current strength 
increases. However, we did not make any special study of this pheno- 
menon, since the ohmic potential drop in the electrolyte plays no 
10 20 is particularly great role: at maximum current, it amounts to not more 
logyoi (a/cm?) than 30% of the value of the over-voltage, and for mean values of 
current it is only about 6% of the over-voltage. The range from the 
Fig. 2 smallest to mean currents includes more than half of all the measure - 
ments. Thus, even fairly inaccurate measurement of the ohmic resis- 
tance of the electrolyte introduces no substantial error into the over- 
voltage value. 


08 
06 
04 1100 
= E,—I/r—IR, (1) 
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Figure 2 gives a graphic representation at three temperatures 
b 0,258 0.250 0.260 of the over-voltage as a function of the logarithm of the current den- 
~ 0.45 0.51 0.52 sity at the CO electrode. As may be seen from the graph, at all three 
“ 1.068 0.953 0.866 a the relation between n and logigj is expressed by straight 


yn=a+blgi. (2) 


2.3RT 


Two electrons take part in the anode reaction at the CO electrode, so that it may be assumed that b = Fa 


Table gives the values of b, a, and a for the three temperatures. 


Talking about the temperature dependence of the quantities b, « and a does not seem to us to have much pur- 
pose, since the accuracy of our measurements is not great enough to establish a reliable relation from the relatively 
small temperature range over which we worked. 


In considering Fig. 2, attention must be called to the fact that at small currents the experimental points depart 
very considerably from a straight line. It can be assumed, for example, that at small over-voltages the reverse cur - 
rent is not suppressed and has to be taken into account. In view of the fact that the value of « is only slightly dif- 
ferent from 0.5 (see table) for the forward current, on the basis of Eq. (2) we can write: 


i = (3) 

<— 
The constant K may be expressed from (2) in terms of the constants a and b. We shall express the reverse current i 
by an equation, symmetric with (3): 


(4) 


In the region of comparatively small over-voltages 


g=i+. 


(5) 
Here i is the measured current and i andi respectively the forward and reverse currents. 


In the region of large over-voltages imi, 


Using Eq. (4) for the points which deviate from the straight line in Fig. 2 the values of i. were calculated, and 
then from (5) the values of i? After this, the points in question were replotted on Fig. 2 with their abscissas changed 
from log joi to log yi. The change in these points is shown by arrows, and the new positions of the points are shown 
by circles. After being moved, the points fit well onto the straight lines. What we have said above enables us to 
conclude that the reverse reaction as small over-voltages is described by Eq, (4). 


We note in conclusion that the CO electrode has a large over-voltage, the presence of which indicates retar- 
dation of the electrode reaction, in spite of the comparatively high temperatures at which the experiments were 
performed. To establish the mechanism of the phenomenon another series of investigations must be made. 
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Metals, which, in the solid state, are capable of dissolving atoms of other elements, undergo considerable 
strengthening in the process. This strengthening is caused by distortion of the crystal lattice of the solvent metal, 

as a result of which its mechanical strength is increased along with its specific electrical resistance, and other proper - 
ties are changed as well. It was established a long time ago, and then repeatedly confirmed experimentally that 
there is a correlation between increased heat resistance of nickel solid solutions and an increase in the number of 
limitedly soluble elements making up the alloys [1, 2], It was also shown that the greatest heat resistance is shown 
by alloys the composition of which is close to the maximum solubility limit [8-7]. It should be noted that these 
correlations were established in alloys belonging to various systems, in which the supersaturation of the solid so- 
lutions was brought about by introducing various types of elements. Therefore it was a matter of interest to study 

the laws governing the change in heat resistance of binary and more complicated nickel solid solutions by alloying 


them with some one element, for example aluminum, which forms limited solid solutions and metallic compounds 
with nickel. 


As elements to be used to form a solid solution with nickel we selected the following: Cr, Ti, W, Mo, Nb, 
and Co. These elements form limited solid solutions with nickel, with the exception of cobalt, which forms a con- 
tinuous series of solid solutions with nickel. 


For the investigation we decided upon the following consistent set of nickel systems, each with a variable con- 
centration of aluminum: Ni-Al, Ni- Cr-—Al, Ni- Cr- Ti-Al, Ni- Cr~ Ti-W-—Al, Ni- Cr- Ti W — Mo— 
Al, Ni- Cr W Mo Nb ~ Al, Ni Cr Ti W Nb~Co~AL 


From the data on the limiting solubility of the above mentioned elements in nickel [8, 9], and the studies made 
previously [3-7], the compositions of the nickel solid solutions selected for our study were arranged in such a way that, 
except for aluminum, all theelements used would form unsaturated solid solutions, With this in mind, the alloys con- 
tained: Cr 10, Ti 2, W 6, Mo 3, Nb 2, and Co 5% by weight. Supersaturation of the solid solutions was brought about 
by one and only one element, namely aluminum, the concentration of which was varied from 0 to 12% by weight. At 
small aluminum concentrations the alloys were solid solutions. Increasing the aluminum concentration in the alloys 
caused supersaturation of the solid solutions accompanied by separation of the excess y'-phase, which was the same 
for all the alloys studied, and the basis of which is the compound NigAl, with a face-centered cubic lattice, dif- 
fering somewhat from the lattice of nickel and its solid solutions. 


The following data was taken on the samples alloyed in accordance with the above set of seven nickel sys- 
tems: melting point of alloy, phase composition, physical chemical properties, including the crystal lattice para- 
meters of the solid solutions, and tests were made on the heat resistance by the centrifugal method. This method 
made it possible to carry out a comparatively rapid study and establish a correlation between heat resistance and 
composition and structure of the alloys. All the alloys were tested under the same conditions: in the same furnace 
at 900°, and with the same constant stress of 12 kg/mm’, 


In figure based on our experiments [10], the upper part shows alloying diagrams, the phase composition of 
the alloys, and the solubility curves of aluminum in the alloys studied as a function of temperature. The middle 
part gives the crystal lattice parameters of nickel solid solutions at 1200°, and, finally, the bottom part gives com - 
position — heat resistance diagrams for each of the alloy systems studied, The investigation has shown that as the 
aluminum concentration in each of the alloy systems is increased, strengthening of the solid solution occurs. This 


; 


is testified to by the curves and the composition — heat resistance diagrams, as well as the x -ray structure data, which 
showed that as the aluminum concentration in the alloys is increased an increase in the period of the crystal lattice 
of the nickel solid solutions occurs, and, consequently, there is an increase in the degree of deformation, which in 
turn causes strengthening of the solid solutions. 


In every system studied, the greatest heat resistance is shown by the alloys in which increasing the aluminum 
concentration causes supersaturation of the solid solution and separation of excess y'-phase in the finely dispersed 
state. 
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Fig. 1. 

Comparing the heat resistance of alloys of different systems containing the same amount of aluminum shows 
that introducing an additional element into the nickel solid solution produces strengthening and increases the heat 
resistance of the alloy. Thus, for example, at 900° and a stress of 12 kg/mm’, the alloy with 4% by weight of alu- 
minum in the system Ni — Al was deformed to the limiting value in several minutes, an alloy with 4% by weight 
of aluminum in the system Ni — Cr — Ti — W — Al showed 5 mm bending after approximately 20 hours testing, while 
alloys with the same aluminum concentration in the systems Ni Cr Ti W Nb Al and Ni~ Cr Ti- 
W — Mo- Nb ~ Co ~~ Al showed 5 mm bending after 450 and 750 hours testing respectively. 
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X-ray structure studies have also shown that as the number of components in a nickel solid solution is in- 
creased, step-wise increase in the crystal lattice period occurs. The relative change in lattice period Aa from 
adding 1 atom % of an element to the solid solution increases in the order: Co, Cr, Ti, Mo, W, Nb. Consequently, 
the law which is followed is: as the element is further removed from nickel both in period and in group, the strenthen- 
ing effect of the element on the nickel solid solution becomes greater. 


This agrees with the data found in [11]. 


Comparison of the results for all the systems (see figure) shows that the absolute values of the heat resistance 
maxima of the alloys, found by the centrifugal method, increase in a step-wise fashion on going from a two com- 
ponent system to an eight component system as the number of elements entering into the composition of the solid 
solutions is increased. The highest heat resistance is shown by the alloys with the maximum amount of alloying in 
the eight component system. 


Thus, the investigation again confirms the previously established correlation: increased heat resistance with 
increase in the number of organically dissolved elements entering into the solid solution. 


The more complicated the chemical composition of the materials forming the base of the alloys of the solid 
solution, the greater the strength of the chemical bond between the diverse atoms and the nickel solid solution. Under 
conditions of limiting saturation and finely dispersed decomposition of the solid solutions, additional strengthening 
occurs. 
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In spite of the wide acceptance of the current radical-peroxide theory of the oxidation of organic compounds 
[1], there is still not much in the way of direct experimental data to give any idea of the initial products arising 
from combination with molecular oxygen. Recently, the EPR method has been used to observe and study the rela- 
tively stable peroxide radicals formed in the solid phase during the reaction of oxygen with the radicals arising from 
the action of ionizing radiation on teflon [2] and polyethylene [3], as well as during the reaction with the stable 
radical triparanitrothenylmethyl [4]. In contrast with solid polymers, in the majority of frozen low molecular com- 
pounds the stability of the radicals formed on irradiation is small at temperatures above 77°K, and the interaction 
with oxygen has been little studied. 


In this respect, great interest is presented by the reactions taking place in the liquid phase during radiolysis, 
however, in view of the very small life time of the radicals arising in this case, any direct study of the transforma - 
tions involved is a matter of great difficulty. Therefore, we felt that it was a good idea to make a preliminary EPR 
study of the reaction of oxygen with a stable radical dissolved in organic liquid. As the object of study we choose 
a,c’ -diphenyl- 6 -picrylhydrazyl (DPPH), the EPR spectrum of which is quite well known. We know that at con- 
centrations below 10~ mole/liter a five -lined spectrum appears in DPPH solutions, corresponding with the interac- 
tion between an unpaired electron and the two nuclei of the central nitrogen atoms [5]. Recently, splitting of the 
lines of the five-lined DPPH spectrum has been observed experimentally, caused by the protons of the phenyl! rings 
in the ortho and para position [6], as was predicted by theory [7]. 


This hyperfine structure appears, however, only after exceedingly careful removal of traces of oxygen, and 
with high resolving power of the apparatus. In our study, we have made use of a type EPR-2 IKhF [8] spectrometer. 
In benzene solutions of DPPH * the five-lined spectra were found, without any additional hyperfine structure. The 
number of paramagnetic centers in the sample was determined from the integrated area of the resonance absorption 
curve, calibrated by means of a carefully evacuated benzene solution of DPPH of known concentration, A 0.08 cc 


portion of solution was taken for each experiment. The reaction with oxygen was studied from the change in the 
EPR spectra. 


Figure 1 shows the spectra obtained with fixed sensitivity of the apparatus in the initial solution evacuated to 
8+ 1074 moles/ liter (a), in the same sample after letting in air at atmospheric pressure (b), and oxygen (c), and, 
finally, after repeated evacuation just after letting in QO, (d). As may be seen, the asymmetric spectrum charac- 
teristic of peroxide radicals does not appear. Contact with oxygen causes widening of the lines right up to com- 
plete disappearance of the hyperfine structure, and reduction of intensity, however, on removing the oxygen directly 
after it was let in, the original completely resolved spectrum is restored. Thus, the oxygen causes not only widening 
of the lines, but a reversible reduction in the total number of paramagnetic centers as well, as may be seen from the 
data given below, calculated from the spectra given in Fig. 1. 


* A preparation recrystallized from benzene, prepared by the method of Arbuzov and Valitova [9] was kindly placed 
at our disposal by the inventors of the synthesis. 
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Atmosphere : Vacuum O,, 150 mm Hg O,, 760 mm Hg Vacuum 


Number of para- 4- 3.410” 3.0- 10* 3.8 - 10% 
magnetic centers 
Width of spectrum 50 oersted 60 oersted 72 oersted 50 oersted 


The sensitivity of measurement at the spectrum width in question was 3-4 - 10 paramagnetic centers in the sample. 


To find the effect of length of time of interaction with OQ, the following experiments were set up: after pre- 
liminary evacuation and sealing off of 1-2 control samples, O, at atmospheric pressure was added simultaneously to 
10-15 identical 0.08 cc portions of DPPH solution containing 4- 10% 
paramagnetic centers each. The ampules were then sealed off at a 
ratio of gas to liquid volume of ~8, and stored at ordinary temperature. 


After definite periods of time the EPR spectra were taken, first in 
the presence of oxygen, and then directly after it had been removed by 
evacuation. Figure 2 gives the free radical content in oxygen and vacu- 
um samples as a function of the time of contact between DPPH and 
oxygen. Both the number of radicals in the presence of oxygen and the 
number regenerated on evacuation drop off gradually. Simultaneously 
there is reduction in the intensity of the coloration characteristic of 
DPPH. After 90 24 hour periods, radicals are no longer observable in 

ae the presence of O,, but they still show up again after the oxygen has 
been removed. In solutions which contain no QO) in the first place, the 
number of radicals is practically unchanged in the same length of time. 


The disappearance rate of DPPH depends on the total quantity of 
O, in the closed system, as illustrated by Fig. 3 in which the curves 
correspond with various O, ratios in the gaseous and liquid phase, from 
Vgas/ Viiq ~ 8 to Vgas /Vijq ~ 100. 


To changes just described in the DPPH resonance spectra in the 
presence of O2 may be interpreted as a superposition of two different 
effects: 1) a purely physical interaction, caused by the paramagnetic 
properties of the QO, molecule, which produces line broadening but has 
Fig. 1. EPR spectra of benzene solutions _—no effect on the number of unpaired electrons in the system, and 2) 


of DPPH (8 - 10° moles/liter) signal an interaction which may be regarded as chemical, leading to dis- 

from vacuum sample (a), after letting appearance of the DPPH radicals from the formation of a non-radical 

in air (b), oxygen (c) at atmospheric compound of peroxide type, decomposing reversibly when the oxygen is 
pressure, and after repeated evacuation removed, and converted to the final products of oxidation of DPPH when 
of oxygen (d). oxygen is present. As the peroxide disappears, being in equilibrium with 


the dissolved O, and the DPPH radicals, the latter should be consumed 
too, which is observed experimentally. 


Comparison of the curves of Fig. 3 shows that the rate of consumption of the radicals, which is initially in- 
dependent of the quantity of O, in the system, remains constant up to complete disappearance of the radicals only 
with a large excess of O,. The less oxygen there is in the system, the earlier sharp retardation of the process sets in. 
This enables us to conclude that the formation of the primary norm-radical peroxide compound is a fast reaction, 
limited by the access of OQ, from the gaseous phase. The subsequent transformations are of a complicated sort, and 
to elucidate them requires more detailed study. Consideration should be given to the fact that the observed con- 
sumption of O, is substantially greater than the consumption of DPPH. This may be explained by the solvent being 
involved in the oxidation reaction, as shown by the presence of phenol among the reaction products in an amount 
exceeding the number of phenyl groups in DPPH, as well as by the effect of the nature of the solvent on the oxida - 
tion rate. Under these same conditions in n-heptane, the DPPH radicals disappear after several hours in the presence 


of Oy. 


A similar sort of interaction with oxygen may be used to explain the observed reversible signal broadening 
and reduction in intensity in the presence of OQ, with crystalline DPPH [10], as opposed to the interpretation of the 
authors who assume that no actual reduction in the number of free radicals occurs. 
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The formation of a reversible molecular peroxide from the reaction of free radicals with oxygen in solution 


has, up to the present time, as far as we know, not been described in the literature, and represents a very early stage 
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Fig. 2. Change in free radical content 
in vacuum (solid curve) and oxygen 
(dotted curve) samples with time of 
contact between DPPH and QO. 
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Fig. 3. Change in disappearance rate 
of DPPH as a function of the total 
amount of O, in the sample. Volume 
ratios of gaseous to liquid phase are 


~8 (1), ~ 100 (2), ~ 50 (3). Solid 
curve for vacuum samples, dotted cur- 
ve for oxygen samples. 


of the oxidation reaction, which it was possible to ob- 
serve by means of EPR. It may be assumed that a stage 
of this sort is a rather common thing in oxidation re - 
actions. The mechanism of formation of the peroxide requires further consideration, as well as the problem of the 
similarities and differences between the formation of reversible peroxides in the liquid phase and on solid surfaces 


(11). 
We consider it our pleasant duty to express sincere gratitude to Professor L. A. Blyumenfel'd for his valuable 
suggestions in discussing the results. 
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It has been shown previously [1] that the reaction rate of the decomposition of alkali metal amalgams by elec- 
trolyte solutions with a high pH value (> 10) in the absence of catalytically active impurities is independent of the 
composition, the concentration, and the pH of the solution, and is determined solely by the concentration of the 
amalgam, obeying the kinetic equation 


i= kCam (1) 


where i is the decomposition rate of the amalgam in amp/cm’, Cam is the concentration of the amalgam in g.eqAiter 
and k is a constant. These facts have lead to the conclusion that in a strongly alkaline medium the decomposition of 
amalgams proceeds by direct interaction of the atoms of the metal in the amalgam with water molecules, without 
any particular cathode or anode processes, which occur only if impurities are present to lower the hydrogen over- 
voltage. On the other hand, according to data in the literature [2], the decomposition of dilute amalgams in buffer 
solutions with pH ~ 7-9 obeys the Bronsted-Kane equation 


0.5 
(2) 


which may easily be derived from electrochemical concepts [8, 4]. It seemed important to find out whether there 

is a real difference in mechanism between the decomposition of amalgams at higher and lower pH values, or whether 
the decomposition of the amalgam according to an electrochemical mechanism, as described in the references cited, 
occurs simply because catalytically active impurities are present. To elucidate this problem we made a study of the 
decomposition kinetics of potassium amalgams in 0.33 N phosphate buffer solutions in the pH range 7-10, using a 
technique or purifying the solutions and amalgams and measuring the decomposition kinetics which is practically 
identical with that described in [1]. The buffer solutions were prepared by mixing the necessary quantities of 0.33 N 
solutions of KOH and KH2PO,. The polystyrol apparatus in which the measurements were made was similar to that 
used in [1], but had smaller dimensions: the volume of solution was 100 ml, the area of the amalgam mirror was 

4.5 cm’, and the temperature was 20 + 1°C. 


The data which we obtained on the decomposition rate, or potassium amalgams of different concentrations 
(from 0.02 to 1.4 N) in 0.33 N phosphate buffer solutions (pH 7-10) is given in Fig. 1 in the coordinates: amalgam 
potential against normal claomel electrode-logarithm of the decomposition current density (curves 1-4). In the 
more acid buffer solutions we also made direct polarization measurements on the liberation of hydrogen at the mer- 
cury (curves 5-7), 


As may be seen from Fig. 1 (curves 2-4), there is a linear relationship between the amalgam potentials and 
the logarithm of the decomposition rate with a slope b, close to 0.115 v. A similar relationship is also observed in 
the acid buffer solutions with cathode polarization of the mercury (curves 5-7), a potassium amalgam beginning to 
be formed at high current densities. In this case the polarization curve was taken by a method described in [5]. The 
probable cause of the kink in curve 1 will be spoken of below. 


The data of Fig. 1 was used to construct Figs. 2 and 3. Figure 2 gives the electrode potential as a function of 
the pH of the solution for i = 10~* amp/cm’. For comparison, the same figure shows similar data obtained previ- 
ously by V, S. Bagotskii and I. E. Yablokova [6] from polarization measurements in acid buffer solutions, prepared 
by adding HCl to 0.3 N K,PO, solution. As may be seen, their data is very close to ours. 
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Consideration of Fig. 2 shows that there is a continuous linear relationship between the electrode potential at 
i = const and the pH of the solution, right up to pH ~ 10 with a slope close to the theoretical value 0.111 v. This 
means that both in acid medium on mercury and in moderately alkaline medium on amalgams, the discharge of 
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Fig. 1. g—Log yo! curves of potassium — mercury 
amalgams taken in 0.33 N phosphate buffer so- 
lutions. 1) pH 9.8; 2) pH 9.0; 3) pH 7.9; 4) pH 7.0; 
5) pH 6.7; 6) pH 6.1; 7) pH 4.6, 


Fig. 3. Logarithm of current density 
of hydrogen liberation as a function of 
pH of buffer solution at g = 2.100 v. 
1) Points, taken on potassium amal- 
gams; 2) on mercury. 


HgO + ions proceeds according to the electro- 
chemical mechanism and the discharge rate is 
22r determined by the hydrogen overvoltage on the 
mercury under the prevailing conditions. The 
6 fact that the straight line ¢ — pH (i= const) as 
18F well as the straight lines — log (curves 5-7) 
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+ of (Fig. 1) maintain constant slope up to high cur- 
ur a2 rent densities also shows that the alkali metal 
14+ dissolved in mercury has no substantial effect on 
pi —>~ the curve of Fig. 2 leads to the conclusion that 
Fig. 2. Electrode potential as a function of pH at up to pH ~ 10 neither the buffer anions nor the 
i= 10-* amp/cm®. 1) Our data; 2) data of Bagot- water molecules take part directly in the elec- 
skii and Yablokova. trode reaction. Discharge of the latter, apparently, 


occurs only at the more negative potentials, at- 
tainable, for example, during cathode polariza - 
tion of mercury in solutions of tetraalkylammoni- 
um salts [7]. 


Figure 3 illustrates the variation of the logarithm of the hydrogen liberation current density during mercury 
polarization and during decomposition of potassium amalgams in buffer solutions with variable pH of the solution 
and y = const, As may be seen from the figure, there is direct proportionality between the hydrogen liberation rate 
(including decomposition of the amalgam) and the concentration of H;O + ions. As far as from the theory of delayed 
discharge, an increase in the total concentration of the electrolyte at pH = const should increase the hydrogen over- 
voltage and reduce the discharge rate of the H3O + ions, since the negative value of y,-potential is reduced. This 
conclusion* is confirmed by the experiments, the results of which are given in table. 


Thus, the decomposition kinetics of alkali metal amalgams in buffer solutions with pH < 10 depends, in ac- 
cordance with the data in the literature, not only on the concentration of the amalgam, but on the composition 


* In more concentrated buffer solutions, however, as the concentration of the buffer is increased, lowering of the hy- 
drogen overvoltage is observed, the more so, the higher the concentration. This effect requires further investigation. 
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Composition of solution 


0.1 N (KOH + KH,PO,) 
0.1 N (KOH P KH,PO,) + 1.25 N 1.6 0.044 2.062 4.10 
KCl 


concentration, and pH of the solution, and obeys laws derived from the assumption of an electrochemical mechanism 
for the reaction. On the other hand, as was shown in [1] in a strongly alkaline medium there is a chemical reaction 
between the metal of the amalgam and the molecules of water. The difference in mechanisms causes the difference 
between the kinetic Eqs. (1) and (2). In order to give an over-all picture of the decomposition of alkali metal amal- 
gams in aqueous solutions, we may assume that at any pH value two independent and simultaneous reactions occur: 


a) An electrochemical reaction consisting of the conjugated stages — ionization of the metal of the amalgam: 


MeHg = Me* + e + Hg (a) 


and the irreversible stage of the discharge of H,O + ions: 


H,O* + e- — '/2H, + H,0; 


b) A chemical stage, proceeding in one act according to the scheme: 


MeHg +- H.O — Me* + 3/2H, + OH~ + Hg. (4) 


The kinetic equation for the reaction (3b), obtained by combining the electrochemical kinetic equation for 
the discharge reaction of the HO + ions: 


i = k [H,O*] 
(5) 


with the thermodynamic equation, relating the potential of the amalgam with its concentration, 


RT , 


(6) 


has the form: 


ig== [H,O*] = > 0,5) (7) 


(the coefficient B, which takes account of the deviation of the amalgams from the properties of ideal solutions, is 
equal to 0.058 v at 20° for dilute amalgams, and rises rapidly for amalgams which are nearly saturated). Equation 


(7) goes over into the Bronsted-Kane equation (2) for dilute amalgams at constant solution pH. The kinetics of re- 
action (4) is determined by the equation: 


ix = RoC = (1a) 


According to the assumption made above, the decomposition current density of an amalgam in any given case 


is the sum of the densities of the currents from the electrochemical and chemical components of the reaction, and 
is determined by the equation: 


= igg= ky Camt kCam- 

(8) 

In buffer solutions with not very high pH, the value of ky[H,O*] in Eq. (7) is large enough so that the electro- 
chemical component of the current (7) is considerably higher than the current from the chemical reaction (1a), the 
rate constant kp, of which is small [1]. The kinetics of the amalgam decomposition reaction under these conditions 
is determined by the rate of the reaction (3b), and obeys Eq. (7) of which Eq. (2) is a special case. 


(3b) 
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In solutions with high pH (> 10), the value of ky [H;0*] becomes so small, that the current density from the 
chemical reaction (1a) becomes higher than the current from the electrochemical component (7). In this case the 
kinetics of the amalgam decomposition reaction is determined by the rate of reaction (4), and obeys Eq. (1). 


In the range of solution pH about Fig. where the values of ig and ig are comparable with one another a 
mixed type of kinetic law occurs. This latter fact is confirmed by consideration of the form of the curve 1 (Fig. 1), 
which is for a solution with pH 9,8, Calculation shows that for the potentials of the lower part of curve 1 discharge 
of H,O + ions according to the electrochemical mechanism predominates, but after reaching considerable amalgam 
concentrations, the value of the current, calculated from (1a), increases, and, adding onto the current from the elec- 
trochemical component, distorts the linear relationship. Using the value of the constant ky which we found in [1] for 
a potassium amalgam, we made a correction to the decomposition current according to scheme (4). As a result of 


the correction, instead of the upper part of curve 1, we obtained the dotted straight line which is a projection of the 
original linear part of the curve. 


The treatment here given of the process of hydrogen liberation from phosphate buffers is, however, incomplete, 
since we have not considered the question of sources for completing the discharged H,O + ions. In the solutions which 
we have studied, the diffusion of H,O + ions from the volume of the solution is of practically no importance because 
of the small concentration of these ions, and the proton donors in the volume of the solution must be water molecules 
or phosphoric acid anions. Calculation shows that the dissociation of water can provide a current density not ex- 
ceeding 3 - 10 - amp/cm* at pH 8, and 3° 107" at pH 10 [8, 9]. Thus, the principle source of protons in the case 
under consideration must be buffer anions. The kinetic limitations, which the finite dissociation rate of the anion 
places on the hydrogen liberation reaction, were considered in [10]. Comparison of the conclusions of this paper 
with our results will be the object of subsequent investigation. 
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In observing the acceleration of burning processes at atmospheric pressure by the action of atoms and radicals 
[1-5] and in examining rarified atomic flames [6] the existence of which has been known for a long period of time 
[6], it is possible to discern common phenomena in the mechanism. In the first case if the admixture of atoms and 
radicals accelerate the oxidation process, then in the second case, under conditions of low temperatures, the reac- 
tions of the atoms and radicals with the fuel are the main process. An analogous phenomenon also occurs with spon- 
taneous ignition [7-9]. 


In an earlier work [10] it was found in the case of acetylene and oxygen that there is a region where the atomic 
flames obtained at comparatively high pressures of several millimeters of mercury co-exist with the usual flames 
when burning may already occur independently. Commencing from the theory that the mechanism of atomic and 
usual flames are the same and also by considering the part played in the flames by the primary concentrations of the 
active reaction centers, in the present work we investigated the question of the action of atomic oxygen on the flame 
propagation velocity at low pressures and we ako investigated the possibility of lowering the inflammable limit by 
varying the pressure before reaching the region where atomic flames exist. 


Method. The oxygen atoms were obtained from a glow discharge by the well known method, only in this case 
in order to extend the region of the discharge ignition in the direction of higher pressures, the apparatus was designed 
so that it was possible to operate the apparatus with small distances between the electrodes (Fig. 1). Oxygen from 
a cylinder, after passing through an orifice plate and discharge tube through an expanding nozzle, with diameter 
4 mm, enters into a reservoir, with diameter 60 - 110 mm. The combustible gas (commerical propane -butane) after 
passing through an orifice plate flows into the receiver through an annular orifice, width 1 mm, concentric with the 
nozzle, Central and lateral electrodes are placed in the reservoir to ignite the mixture with a spark of constant 
energy of about 0.45 joules. A frame enclosing a 15 » wire gauze can be placed inside the nozzle thus serving for 
the recombination of oxygen atoms formed in the discharge. The frame is fastened to the central electrode. It is 
possible to replace the lateral electrode by a thermocouple, diameter 0.2 mm which either measures the heat of 
recombination or (with the insertion of the gauze) the temperature of the gas escaping from the nozzle. The reser- 
voir was evacuated by a fore vacuum pump, the pressure being measured by a standard vacuum gauge. The visible 
flame propagation velocity was recorded photographically through an aperture. In some control experiments the con- 
tour of the flame front was photographed. The flame speeds were compared in the investigation because the degree 
of extension due to the flow from the receiver and the escape of heat at the wall could not be determined. In deter- 
mining how the inflammability limit varies with pressure the flash was recorded in the whole volume of the receiver. 


The experiments were carried out: 1) with cut-off of the glow discharge; 2) with the glow discharge but with 
the grating required for recombination set up in the nozzle; 3) with the glow discharge but without the gauze. In 
the second case there was either partial or complete recombination which depended on the discharge current and 
pressure. This may be established by the presence or absence of the afterflow of NO,* obtained as a consequence of 
the presence of some nitrogen in the oxygen. The existence of partial or complete recombination may also be found 
from the thermocouple readings: the temperature of the junction at maximum discharge currents in the tube (ig = 
= 900 mA) was = 60°C. In the last case, in the absence of the gauze, the temperature of the junction increased to 
420° which permitted us to estimate the maximum concentration of oxygen over the nozzle section by an order of 
magnitude of 10%, 


| 
| 
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Obviously, the temperature of the gas coming from the glow discharge tube is close to room temperature (cf. 
also Harteck and Kopsch [6]) and in every case of the discharge in the presence of the gauze it was not less than that 
given by the discharge without a gauze because only a fraction of a second is required to heat the 15 y wire gauze. 


Fig. 1. Sketch of apparatus. 1) Electrical method for glow dis- 
charge; 2) generator for spark discharge; 3) discharge tube; 4) 
reservoir; 5) vacuum gauge; 6) aperture; 7) photo-recorder; 8) 
fore vacuum pump. 
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Fig. 2. Visible flame propagation speeds with a spark ignition: 1) Discharge; 2) 
discharge with the gauze in the nozzle; 3) without discharge. a) Variation of 

flame speed with composition, P = 43 mm of Hg; b) variation of flame speed with 
pressure, & = 3; c) variation of flame speed with current, P = 43 mm of Hg; @ = 3, 


Results and discussion. In the first series of experiments the distance between the electrodes of the glow dis- 
charge was 170 mm. The visible flame propagation speeds resulting from the spark were compared. In this series of 
tests the average flow velocity from the nozzle did not exceed 1 m/sec. The values of the flame speeds Uy at a 
pressure of P= 43 mm of Hg for different coefficients of excess oxygen are given in Fig. 2a. It is clear that in the 
presence of oxygen atoms the flame speed in regions of lean compositions rises very considerably. The discharge cur - 
rent field in the tube is selected so that by switching on, spontaneous ignition of the mixture in the reservoir does 
not occur. Consequently, the value of the flame speed differed depending on the composition of the mixture: great- 
er with lean compositions and lower with rich mixtures right up to the value a= 0.75. The seemingly small effect 
of the oxygen atoms on the value of Uy in regions of rich mixtures is also explained by the small permissible dis- 
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charge current field. Figure 2b gives the values of the speeds at different pressures with the coefficient of excess 
oxygen a = 3, with the same discharge current. An increase of the discharge current leading to an increase in the 
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Fig. 3. Burning limits depending on pres- 
sure. Spark ignition: 1) Discharge; 2) 

discharge with the gauze in the nozzle; 3) 
without discharge; 4) spontaneous ignition. 
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concentration of oxygen atoms increases the visible flame speed (Fig. 
2c). The measurements showed that an increase in the velocity of the 
gas from the discharge tube into the reservoir very noticeably in- 
creases the flame speed above the values referred to in the previous 
discussion. In the case of a discharge with and without the gauze, a 
similar change in the flow velocity does not cause a variation in the 
flame speed. The experiments showed a considerable increase in the 
flame luminescence in the presence of atomic oxygen. 


In the second series of tests the possibility of reducing the in- 
flammability limit with pressure which is obtained under the experi- 
mental conditions described (Fig. 3) was investigated. In this series 
of tests the oxygen supply was increased and the amount of combustible 
gas almost doubled and the distance between the electrodes increased 
to 1000 mm. As can be seen, the inflammability limit obtained with 
spark ignition is about 10 mm of Hg; with the glow discharge switched 
on first (ig = 400 mA), but in the presence of the grating the inflam - 
mability limit is about 9 mm of Hg. By increasing the discharge cur- 
rent in the tube to 900 mA it is possible to cause spontaneous ignition 
in the reservoir at a pressure of 2 mm of Hg which then corresponds to 
the region where atomic flames exist. Obviously, by increasing the 
rate of evacuation and the distance between the electrodes, the in- 
flammability limit may be reduced to pressures at which work is usual - 
ly carried out with atomic flames, i.e., 0.1-4 mm of Hg [6, 10]. 
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As we have shown [1], several systems consisting of organic polymers and highly disperse metals possess cer- 
tain electrophysical properties characteristic for semiconductors. When compared with the many organic semi- 
conductors described in the literature [2-8] these systems in the first place are characterized by small values of the 
electric resistance. So, at room temperature the resistance of metal-polymer systems amounts to a few ohms, some- 
times even to tenths of an ohm. The values of the activation energy of conductivity, as were found from the relation 
between electric conductivity and temperature, varied between 0.08 and 0.2 ev. 


By modifying the preparation method of some of these compositions we succeeded in obtaining systems having 
either p-type or n-type semiconductivity. Here the type of the conductivity was usually determined from the ther- 
mo-e.m.f. In those cases where the Hall effect was measured the same type of conductivity was found as was derived 
from thermo-e.m.f. Further on we will provisorily speak about p- and n-conductivity based on measurements of the 
thermo-e.m.f. It is interesting to note that nearly all organic polymers with semiconducting properties described in 
the literature have p -type semiconductivity. Because of the above mentioned differences between the properties 
of polymer-metal systems and those of organic semiconductors the notions, as were developed in the literature [6, 7], 
on the mechanism of the conductivity in the latter substances cannot be used without essential changes for the sys- 
tems described by us. 


The compositions we have studied most thoroughly contained iron powder with a high degree of dispersity. 
The polymers were added to the systems by vibro-milling iron powder in the liquid monomer, according to the meth - 
od proposed by V. A. Kargin and N, A. Plate [9, 1], In this way we prepared compositions of iron with polyisoprene, 
polymethylmethacrylate, polystyrene and polyacrylonitrile. All these compositions have n-conductivity. 


An iron-polyisoprene system was also prepared by precipitating the finished polymer from its solution in ben- 
zene [1] Here it was shown that, if the polyisoprene is added to the system from a solution, p-conductivity is found. 
But if, as has been shown above, the system is prepared by polymerization of isoprene in a vibro-mill, one finds n- 
conductivity. In order to clarify which is the structure of the conducting polymeric layer it seemed convenient to 
study compositions containing a polymer in which the passing of a current would be hampered. For this purpose we 
chose the system iron-polyisobutylene. The latter has a specific resistance of about 10“ ohm -cm and is saturated 
organic compound in which structural features facilitating the transfer of electrons are absent. Starting from the 


mentioned properties of polyisobutylene it is natural to suppose that at a considerable content of the latter the sys- 
tem will behave as an isolator. 


Polyisobutylene was added to the system from a 1% solution in toluene. We studied samples with various 
amounts of polymer: 10, 20 and 30%, At 10% polyisobutylene content the specific resistance of the system was 
about 1+ 10~ ohmr cm; at 20% the specific resistance rises to 1 - 10°! ohm - cm. Both in this and in the former 
case the resistance practically does not change with temperature. As is found from thermo-e.m.f., in both cases the 
current carriers are those ofp-semiconductors. Evidently, in these systems polyisobutylene does not interact with 
the surface of the metal particles and upon pressing the sample the separate metal particles come in direct contact 
with each other. This also explains the fact that, although the specific resistance of the samples markedly rises by 
the addition of polyisobutylene, nonetheless the temperature dependency of the electric conductivity remains the 
same as that of metals. 


A 
43 
id 
891 


A radical change in the electric properties of the system takes place by the addition of 30% polyisobutylene. 
Under these conditions the resistance of the system rises sharply and becomes greater than 1 - 10‘ ohm. Polyiso- 
butylene enwraps the metal particles and the contact between them is broken. 
However, if this composition is exposed to heating in vacuum at 180-200°, it 
acquires several new properties. The specific resistance at room temperature 
drops to 2-4 ohm - cm. 


As is evident from Fig. 1, the electric conductivity of such a system de- 
creases, when the temperature is raised, and this is characteristic for semi- 
conductivity. The plot of the logarithm of electric conductivity (log o) versus 
inverse temperature (1/T) reminds that for extrinsic semiconductors. The plot 
consists of two linear sections with different values of the activation energy 
(AE). In the temperature range between 180° and 0° the value of AE is 0.07 ev; 
from 0° to —50° it is equal to 0.66 ev. These curves are reversible; at in- 
creasing temperature they coincide with the straight lines, especially in the 
region of low temperatures. In these systems the sign of the charge carriers 
corresponds to that in n-semiconductors. 


1 1 


. I ae * In Fig. 2 a plot of the electric conductivity of pure polyisobutylene in 


the range from 30 to 160° is given. As may be seen, the conductivity in- 
creases by four orders of magnitude and comes back to its previous value, when 
the temperature is lowered again. This gives evidence that the thermal treat- 
ment of polyisobutylene in the said temperature range does not cause any 
radical change in the polymer structure. So, the above described changes in 
the electrophysical properties of the iron-polyisobutylene system result from 
a specific action of the iron powder on the state of the polymeric layers. The 
-roh changes in these layers brought about by heating in the presence of iron are 
preserved even at room temperature. As yet it is not clear by which me- 
chanism the said conducting structures originate. The above described ex- 
periments with the iron-polyisobutylene system indicate that the origin of 
the semiconducting properties is connected with a thermal interaction on the 
We system. This conclusion may also be extended to the systems of iron with 
other polymers which we mentioned at the beginning of the paper and which 
“13 too possess semiconducting properties. Since these systems were obtained by 
vibro-milling, during the preparation there occurred a strong local heating 
caused by the milling of the metal or, in any case, by stripping its surface 
layers. It should be noticed that in our measurements, which were carried 
out in vacuum, reproducible curves of the resistance as a function of temper- 
ature could only be obtained if the samples had been treated at 200-250°. 
. So, in those cases too where the polymer is added to the system by precipi- 
tating it from a solution, in fact, a thermal treatment took place. 


Fig. 1. The logarithm of the 
electric conductivity plotted 
versus inverse temperature. I) 
System iron-polyisobutylene; 
II) system iron-polyethylene. 
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10° 
Fig. 2. The logarithm of the 
electric conductivity of poly - 
isobutylene plotted versus in- 
verse temperature. a) Measur- 
ed at increasing temperature; 


b) measured in the reverse direc- 
tion. 


The system iron-polyethylene, obtained by precipitating polyethylene 
at about 140° from a solution in o-xylene, was studied too. The samples were 
exposed to a protracted heating in vacuum at 250°, Although the samples ob - 
tained are characterized by a relatively low resistance (about 14 ohm - cm 
at room temperature), they do not possess semiconducting properties. These 
properties make their appearance only after the samples have been ground and 
pressed for a second time and, moreover, heated again for a long time in 
vacuum. The curve of log o versus 1/T (II) has about the same shape as that of the iron-polyisobutylene system 
(Fig. 1). The comparatively easy rearrangement of polyisobutylene when heated, obviously, may be explained by 
the fact that its chain contains tertiary carbon atoms, at which the chain is more easily broken so that new structures 
are formed. 


At present we are carrying out investigations into the properties of the structures originating in our systems 
when they are treated thermally. Systems with other transition metals: nickel and cobalt and also with several 
metals belonging to other groups are studied too. 


We gratefully acknowledge A. N. Frumkin for his interest in the investigation. 
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In an earlier communication [1] we had shown that R - O — Li compounds are strongly associated through the 
formation of intermolecular O— Li. . . O bonds. Infrared bands in the 400-600 cm~' region were assigned to the 

vibrations of the O — Li group in the investigated lithium alcoholates; derivatives of normal aliphatic alcohols and 
tert-CgHgOLi were examined [1]. 


In the work here discussed the IR spectra of three lithium alcoholates with branched aliphatic radicals — iso- 
CgHyOLi, iso-CyHyOLi, and (C,Hs),CHOLA, and of two isotopically substituted derivatives — CH,OLi® and CD,OLi were 
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Fig. 1. The spectra of sublimed crystalline 
samples of: 1) iso-C4HgOLi; 2) (C,H;),CHOLi. 


examined. The first three compounds are crystalline solids 1 1 a 
600 500 800 cm~ 
readily soluble in ordinary organic solvents and can be sub- Shonen 9 
limed without decomposition in vacuo (5 - 10? mm Hg) at 
temperatures between 100 and 150° (the tert-C,HgOLi has Fig. 2. The spectra of isotopically sub - 


similar properties [1]). These lithium alcoholates are also stituted lithium methylates (in nujol mull): 

very strongly associated in solution. V. A. Dubovitskii and 1) CH,OL&; 2) CD,OLi; 3) CHsOLi. 

O. V. Nogina have determined molecular weights of these 

compounds cryoscopically. In cyclohexane and benzene 1 mole % solutions of all these compounds yield an associa - 
tion factor 5 while 0.5% solutions yield a factor of 3. This seems to indicate that all these compounds are associated 
in a similar manner. The pentamers are probably tetrahedral in structure while the trimers are composed of three - 
membered rings. 
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TABLE 2 


CH,;OLi CH,OLi® CD,OLi Frequency assignment 
2923 (m) 2942 (m) 
2842 (s) 2858 (s) C —H stretch 
2792 (s) 2803 (s) 
2260 (m) 
2170 (s) 
2122 (s) C —D stretch 
2092 (s) 
2080 (w) 2062 (m) 2uc-o 
1435 (s) ~1455 (m 
1368 (s) ~1370 = } C —H deformation 
1040 (w) — (?) 
1060 (v.s.) 1065 (v.s.) 1005 (s) C—O stretch 
907 (m) C ~— D deformation 
537 (s) 560 (s) 530 (s) Associated O — Li vibrations 
428 (s) ~ 430 (v.s.) CH, deformation (rocking) 


The IR spectra were recorded on a Hilger model H-800 double-beam spectrometer over the range of wave- 
lenths from 5 to 25 . The spectra of sublimed samples were obtained by (using a special cell in which a thin solid 
film was sublimed directly on top of a potassium bromide plate and remained in vacuo during the measurements. 
All the operations involving these compounds were performed under dry argon. In Table 1 we have compiled the 
frequencies of all the bands except the very weak ones. 


The Table shows that the spectra of sublimates, or of the crystals ground with nujol, differ very little from 
the ones recorded in solution (the same holds for tert-CHgOLi). In the 400-600 cm} region the spectra of the in- 
vestigated alcoholates, and of the alcoholates examined before [1], exhibit intense broad bands (Fig. 1) which ap- 
parently should be assigned to the vibrations of associated O ~ Li groups. In order to verify our assignment we re- 
corded the spectra of two isotopically substituted derivatives of lithium methylate, CH,OLi® and CD,OLi (Table 2). 
Table 2 shows that the 537 cm~! band of CH,OLi (which was assigned to the vibration of associated O — Li groups 
[1] shifts by about 25 cm -! towards higher frequencies when Li’ is replaced by Li®, while the replacement of H atoms 


in the methyl group by D has very little effect on this band (Fig. 2). These data confirm to a certain extent the 
previously made assignments. 


Thus the investigated lithium alcoholates are strongly associated through intermolecular O- Li. . . O bonds; 


complex vibrations of the associated O — Li groups seem to fall in the 400-600 cm! region and may possibly also 
show up in the far infrared region. 
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ISOTOPIC EXCHANGE BETWEEN AND MOLTEN 


V. I. Spitsyn, V. G. Finikov, and G. N. Zykova 


Institute of Physical Chemistry, Academy of Sciences, USSR 
Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 3, 
pp. 668-669, November, 1961 

Original article submitted August 8, 1961 


By using the procedure described in [1] we studied isotopic exchange between gaseous oxygen containing 
1.360 at. % O™ and molten NagWO, of normal isotopic composition at 720, 745 and 764°C (the temperature was kept 
constant with an accuracy of + 0.5°). The melt surface, which had the shape of a rectangle with sizes 4 - 0.5 cm, 
was practically identical in all experiments. To find out how the kinetic characteristics depend on the thickness 

of the molten layer we carried out three series of experiments with 1.0, 4.4 and 7.4 g sodium tungstate, respectively, 
and this corresponds to a layer thickness of approximately 1, 5, and 8 mm. 


Po ae 4 6 The isotopic analysis of oxygen in the gas phase by means of a MS-4 mass 
& 136 : ; lieu spectrometer was done by V. L. Litvakov and the authors gratefully ac- 

g knolwedge him. Knowing the weight of sodium tungstate and the flow 

§ 134 rate of gas in the system we calculated the degree of exchange, the re- 

I action rate constant and the activation energy from the change of the 0” 
2 132 content in the gas with time. 

: — —o In Fig. 1, it is shown how the o* content in the gas phase changes 
% I with time at the temperature 720°. It is remarkable that the reaction rate 
Fig. 1. The change of the O” con- is constant over many hours. About 10” O ions per 1 cm? are found in the 
tent in the gas phase with time of surface of the melt. bier munities of collisions with the surface of the melt 
isotopic exchange in the system amounts to 2 - 10° sec-*. An estimate the imental 
Na,WO," 0," at 720°. Weights results indicates that at every second 5 - 10°, 15+ 10° and 1.5 - 10°- 
of NagWOg 1) 1.0 g; 2) 4.4; 3) or on the average 7: 10° — 0” atoms are transferred to the liquid phase 
1.4 g. for the weights 1.0, 4.4 and 7.4 g, respectively, that is, just as many as or 


somewhat fewer than the number of oxygen ions in the surface layer. The 
theory of absolute reaction rates gives the relation 
where V is the reaction rate (molecules cm™ - sec), Ng the number of collisions onto the surface (molecules cm~: 


- sec”), By substituting the afore mentioned values into this relation we find an activation energy of 38.4 kcal/mole. 


For the temperatures 745 and 764° the results are similar. 


Table 1 contains data on the degrees of exchange attained in eight hours at the temperatures used. 


00 
Application of the formula Kt = In 2 , where K is the reaction rate constant, t time, o the degree of 


exchange in percents, allowed us to calculate the rate constants given in Table 2. Figure 2 where the results for 
the temperature 720° are plotted illustrates how strictly the linear relation is satisfied by the experimental data. 
The apparent activation energies calculated by the method of least squares are found to be 30.6, 22.7 and 13.2 
kcal/mole and they are a linear function of the weight of the sample (Fig. 3). Extrapolation to an infinitely thin 
(or rather to a monomolecular) layer gives an activation energy of 33.5 kcal/mole. 


The following interpretation of the obtained results seems to be a possible one. In this case isotopic exchange 
is accomplished by exchange between gaseous oxygen, probably entirely in the form of atoms, and oxygen anions of 
sodium tungstate, which are present in the surface of the melt, because atoms are displaced in collisions, This ex- 
change proceeds at a very low rate, the number of effective collisions with the surface is very small, because only 
10-* % of the molecules is in the state of thermal dissociation (104 pairs of atoms per cm® in our case). The linear 
decrease of the activation energy at raised layer thickness (increased weight) of the molten sodium tungstate and 
the fact that for small weights it tends to the limit value 33.5 kcal/mole differing only 12% from the theoretically 


* 
897 ~ 


TABLE 1. Degrees of Exchange (in percent) 
Attained in Eight Hours in the System Na,WO{— 


TABLE 2, Rate Constants for Isotopic Ex- 
change of Oxygen in the System Na,wO}- 


Weight of Temperature °C 


Weight of | 
tungstate,g 145 164 


Temperature °C 


1.0 45.6 57.9 65.4 
4.4 22.4 28.6 33.9 
1.4 10.6 13.4 


J 2 4 6 hr 


100 
Fig. 2. Plot of In Too-a Versus time for iso 


topic exchange of oxygen in the system NagWO4 — 
O," at 720°. Weights of NagWO,: 1) 1.0 g; 2) 
4.4 g; 3) 7.48. 


LITERATURE CITED 
V. I. Spitsyn and V, G. Finikov, DAN, 108, 491 (1956). 


1.0 
4.4 
1.4 


30+ 


keal/mole 


0.0631 | 0.1040 | 0.1229 
0.0317 | 0.0421 | 0.0525 
0.0140 | 0.0179 


0 


1 


l 
Weight of NagWO, 


Fig. 3. The activation energies of iso- 
topic exchange in the system Na,WO,*— 
0," plotted versus the weight of NagWO, 


used. 


All abbreviations of periodicals in the above bibliography are: letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


calculated one give reason to consider the obtained value to be a quantitative indication for the strength of the oxy - 
gen bond in the tungstate anion of the sodium salt. The lower accuracy of the values used in the theoretical cal- 
culation allow one to take the value 33.5 kcal/mole as more close to the actual one. 
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ADSORPTION OF AROMATIC AND HYDROAROMATIC 
COMPOUNDS AT A MERCURY-SOLUTION INTERFACE 


A. N. Frumkin, R. I. Kaganovich, and Ga: Bit-Popova 


M. V. Lomonosov Moscow State University 

Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 3, 
pp. 670-673, November, 1961 

Original article submitted July 21, 1961 


By comparing the adsorption of polar aromatic compounds at a solution-air and a mercury -solution interface 
it was shown that at the latter interface, when compared with the former, one observes that the adsorbability on a 
positively charged surface is enhanced and finds higher negative values of the adsorption potential [1], It was sug- 
gested that these effects result from a flat arrangement of the molecules in the adsorbed layer, which facilitates the 
interaction between the negative atoms of the polar groups and the metal. An investigation into the electrocapillary 
behavior of nonpolar aromatic compounds carried out later in our laboratory by Gerovich [2] showed that such sub - 


stances as benzene, naphthalene etc. are adsorbed preferentially on a positively charged mercury surface and displace 
the point of zero charge in the direction of negative potentials. 


A comparison of the electrocapillary curves for aromatic compounds with the corresponding curves for hydro- 
aromatic compounds (benzene -cyclohexane, naphthalene -decalin) led to the conclusion that the shift of the point of 
zero charge and the change in the adsorption at positive charges of the surface are caused not only by the flat orien- 
tation of the molecules of the aromatic compounds but also by the presence of m -electrons, which interact with the 
mercury surface, especially, when it has a positive charge. 


In agreement with previously exposed ideas, the presence of a polar group in the aromatic ring (phenol) in- 
tensified the effects observed in the adsorption of nonsubstituted hydrocarbons. 


It was of interest to study the adsorption of other polar benzene derivatives. 


For aqueous solutions of the substances studied the electrocapillary curves, which express the interface surface 
tension o as a function of the electrode potential ¢ (refered to a normal calomel electrode), were taken by means 
of Gouy's electrometer. The substances used in the study were purified by a double distillation or by recrystalliza - 
tion. V. Gerovich synthesized hexahydrobenzoic acid by means of Zelinskii's method. 


The electrocapillary curves of aniline (2) and cyclohexylamine (3) compared with that of 1 N NagSO,+ 0.01 N 
NaOH (1) are shown in Fig. 1. From Fig. 1 it is evident that aniline is adsorbed on a positively charged mercury sur- 
face, whereas in the case of cyclohexylamine and increase of the positive charge results in the disappearance of ad- 
sorption. On the other hand, on the original noncharged or negatively charged mercury surface the adsorbability of 
cyclohexylamine exceeds that of aniline. 


The electrocapillary curve of 1.1 N H,SO, (1) and those of H,SO, containing aniline- (2) or cyclohexylamine 
sulfate(3) in the concentration 0.1 Mare represented in Fig. 2. As is evident from Fig. 2, on a positively charged mer- 
cury surface the adsorption of the cyclohexylamine anion ceases completely, the electrocapillary curve of this salt 
runs parallelly to that of the solvent HzSO,4 In the case of aniline sulfate, as has already been shown previously in 
[3], the cations are still adsorbed, even when the surface gets a positive charge and this indicates that the forces of 
the  -electron interaction of the aromatic ring prevail over the electrostatic repulsion forces. 


We have also studied the electrocapillary behavior of aniline and cyclohexyl amine in a medium with HCland 
HBr [4]. It turns out that adsorption of the aniline ion on a positively charged mercury surface is enhanced in the 
sequence SO,” < Cl” < Br~. When Br” ions are present, some adsorption of the cyclohexyl ammonium ion too is 
observed. These data make us suggest that the adsorption of cations is raised owing to the interaction between the 
flatly orientated cations in the adsorbed layer and the specifically adsorbed anions. 


a 
= 
899 


Primary solution Substance studied Concentration, 
mole/liter 


1 N NagSO, Aniline 0.1 

1 N Na,SO, 0.0045 
1.1 N H,SO, 0.1 
1.1 N HBr 0.1 

1 N NagSO, Cyclohexyl amine 0.1 
1 N Na,SO, 0.01 
1.1 N NagSO, 0.1 
1.1 N HBr 0.1 
0.1 N H,SO, Benzoic acid 0.01 
0.1 N H,SO, 0.0005 
0.01 N KOH 0.05 
0.1 N H2SO, Hexahydrobenzoic 0.01 
acid 
0.1 N H,SO, 0.0027 
0.01 N KOH yA 0.05 


3 


Fig. 2. Electrocapillary curves of the so- 
09s lutions: 1) 1.1 N H,SO,4; 2) 1 N H,SO,4 + 
+ 0.1 M 3) 1 N + 
Fig. 1. Electrocapillary curves of the so- + 0.1 M CeHyyNHg' HpSOq, 
lutions: 1) 1 N Na,SO,4 + 0.01 N NaOH; 2) 
1 N Na,SO, + 0.1 M CsHsNHp; 3) 1 N In order to compare the surface activity of the sub - 
NagSO, + 0.1 M CgHyNHp, o in d/cm. stances studied on the water-air with that on the water- 
mercury interface we did some measurements of the sur- 
face tension by means of the method of maximum bubble 
pressure and their results are assembled in Table 1. Aca, designates the lowering found in the interfacial surface 
tension when one passes from the maximum in the electrocapillary curve of the primary solution to the maximum 
in the presence of a substance which is adsorbed, Ac represents the corresponding lowering in the surface tension 
of the primary solution. 


From table it follows that the surface activity of the compounds studied increases substantially upon going 
from the free solution surface to the interface with mercury. Upon assuming that equal lowerings of the interfacial 
tension in both interfaces correspond to equal adsorption magnitudes, that is, upon supposing that the equations of 
state for both interfaces are identical, then from the data of table by means of the equation | Ago| = RT In(C y/G) 
one may calculate |Agp| , that is, the increase in the absolute standard free energy for the transition from the so- 
lution-air to the solution-mercury interface (Cy and C are the concentrations of the dissolved substance which give 
an equal lowering of o in the boundary with air and in that with mercury respectively. In the case of aniline (at 
A o;=Aog= 10.0) |Ago| = 1.80 kcal),in the case of cyclohexyl amine (at Aa, = Age = 23.6) |Ago| = 1.34 kcal), 
It is noteworthy that in the case of cyclohexyl amine the gain in adsorption energy upon passing to the interface 


47.0 10.0 
10.0 
6.0 0.4 
11.3 0.7 
43,7 23.6 
23.6 = 
1.5 1.0 
13.0 1.3 
19.2 2.5 
2.5 
4 20.5 0.4 
20.5 6.0 
6.0 
2.5 - 
420 420 
400}- 
I 
3 
2 0 
1 370\- 
: 900 


with mercury is markedly higher than that found, for instance, for aliphatic alcohols with a long chain [1} Possibly, 
this effect is connected with the flat arrangement of the adsorbed cyclohexyl amine molecules. The said gain in 
energy increases by A | Ago | = 0.46 kcal upon passing from cyclohexyl amine to aniline; this points out that the inter- 
action with the  -electrons of the ring, albeit to a much less extent than on a positively charged surface, is manifested 
on a noncharged mercury surface too. On the free solution surface the surface activity of cyclohexyl amine because 


Fig. 3. Electrocapillary curves of the so- Fig. 4. Electrocapillary curves of the so- 
lutions: 1) 0.1 N HgSO4; 2) 0.1 N HpSO, + lutions: 1) 0.01 N KOH; 2) 0.05 N KOH + 
+ 0.01 M CgHsCOOH; 3) 0.1 N H SO, + 0.05 N CsH;COOK; 3) 0.05 N KOH + 

+ 0.01 M CgHyCOOH. 0.05 N CgHyyCOOK. 


of its high molecular volume is markedly higher than that of aniline; owing to the m -electron interaction this dif- 
ference disappears upon passing to the interface with mercury. The surface activity of the cations of aniline and 
cyclohexyl amine is much less than that of the corresponding neutral molecules, but between the adsorbability of 
both cations the same ratio is preserved as is found for the molecules. Whereas the cyclohexyl ammonium cation 
is adsorbed by about 2-2.5 times more strongly than the aniline ion on the interface with air, this difference is 
smoothed out upon passing to the interface with mercury. In this case A |Agy | 0.4 kcal. As is evident from 
Fig. 2, although the cation as a whole is repelled, the m -electron interaction increases, when the mercury surface 
has a positive charge. 


The effect which the interaction between the 1 -electrons and the mercury surface has in the adsorption of 
aniline- and other analogous cations in a 0.1 N HCl solution was also pointed out by Blomgren and Bockris [5], who 
have quantitatively studied this adsorption at various potentials. However, these authors did not take into account 
that, as is evident from the example of cyclohexyl ammonium, appreciable adsorption effects are found even in the 
absence of such an interaction. In the case of a free water surface the latter effects result, because the organic ca- 
tion is forced out from the bulk of the solution. 


The electrocapillary curves for 0.01 M solutions of benzoic (2) and hexahydrobenzoic acid (3) compared with 
that of 0.1 N HgSO, (1) are represented in Fig. 3. Evidently, the curve for hexahydrobenzoic acid, when one passes 
to positive surface charges, runs almost parallel to that of the primary solution and this indicates that adsorption 
ends under these conditions, whereas the adsorption of benzoic acid retains an appreciable magnitude under those 
same conditions. 


The results obtained, when we investigated the electrocapillary behavior of the potassium salts of benzoic 
(Fig. 4, 2) and hexahydrobenzoic acid (Fig. 4, 3), indicate to which extent the surface activity of the anion in- 
creases as a result of the  -electron effect. 


A comparison of the surface activities of benzoic and hexahydrobenzoic acid on the solution-air interface 
with those on the solution-mercury interface leads to conclusions similar to those found for aniline and cyclohexyl 
amine. The value of | Ago | for benzoic acid (at Ao, = Ao, = 2.5) is equal to 1.74 kcal and for hexahydrobenzoic 
acid (at Ao,= Aog= 6.0) it is only 0.76. So, the extra gain in energy resulting from the interaction with the 1 - 
electrons of the ring attains nearly 1 kcal in this case. It is noteworthy that the surface activity of benzoic acid on 

the interface with mercury decreases only by a factor five upon passing from the neutral molecule to the anion, where- 
as for hexahydrobenzoic acid the corresponding factor is about 40. 
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INTRAMOLECULAR ENERGY MIGRATION IN THE RADIOLYSIS 
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Intramolecular energy migration in unconjugated molecules has often been invoked to explain effects produced 
in polymers and biological objects by light and ionizing radiation. All the same, there has been very little done on 
simple compounds, especially under conditions such that the effect should be detectable. A point to remember here, 
of course, is that intramolecular migration may be masked or suppressed by intermolecular transfer even in one- 


component systems. Polymers are unsuitable objects here, because the effects of radiation on them seldom allow 
an unambiguous interpretation. 


The arylalkanes and mixtures of aromatic and aliphatic hydrocarbons are much more radioresistant than the 
aliphatic ones, so energy transfer can be detected by means of any deviation from additivity. Burton et al [1] have 
shown in this way that the yield of gases from a radiolyzed alkylbenzene is much less than that to be expected from 
a mixture of benzene with the corresponding alkane. However, it is not known whether the aromatic ring protects 
the alkyl radical by intramolecularor intermolecular transfer (the latter effect occurs in cyclohexane mixed with 
benzene [2]). 


Alexander et al [3] have found that naphthyldodecane is much more resistant to radiation-induced cross-linking 
than is decyldodecane; moreover, the naphthyl group is most effective if it is attached at the middle of the chain in 
the dodecane. This is clear evidence for intramolecular migration. Even better evidence would be provided by 
measurements of the chain-rupture probability as affected by the naphthyl group. Voevodskii et al [4] have made 
ESR studies of the frozen-in radicals produced from 1,1-substituted dodecanes at — 196°; the substituents were phenyl 
and cyclohexyl rings. They found that the energy migrated readily from the aliphatic groups to the pheny] rings, 
with the result that the yield of radicals was reduced greatly. The mechanism of the transfer is not altogether clear; 
the phenylcyclohexy1 derivative gave a yield smaller than that given by an equimolecular mixture cf the diphenyl 
and dicyclohexyl derivatives, but this might be caused by large-scale inhomogeneity in the dodecane mixtures 
rather than by a preference for intramolecular transfer as against intermolecular transfer. 


The most direct evidence is provided by the yields of primary radicals from alkylbenzenes relative to those 
from mixtures of benzene with the corresponding alkanes. Schuler et al [5] have used x-rays for this purpose; some 
of their results are given in table, which also gives values we have calculated on the basis of additivity for toluene 
and ethylbenzene. The formula used was 


Ga = + epyGpn, 


(1) 
in which ¢ 4 and «ph are the electron contributions from the chain and ring respectively, while Ga and Gpp are 
the radical yields for the alkanes and benzene. Table shows that the calculated G is close to the actual one for 
toluene and for ethylbenzene, which clearly does not agree with the other results quoted. 


We have used y -rays in similar measurements on toluene, ethylbenzene, cumene, n-butylbenzene, and n- 
octylbenzene, as well as on an equimolecular mixture of benzene with n-octane. We also measured the radical 
yields for benzene, n-hexane, and n-octane, The radical acceptor was iodine. The benzene, toluene, ethylbenzene, 
and cumene were purified by repeated shaking with concentrated sulfuric acid; they were dried over sodium metal, 
and then were distilled (in a column of 25-30 theoretical plates) to give fractions boiling within limits of 0.1°. The 


. 
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Schuler's results Our results 

Compound G Ga G Ga 
Benzene 0.6 (0.6) 0.6 (0.6) 
Toluene 2.4 2.0 0.8 1,0 
Ethylbenzene 2.8 2.6 0.85 2.3 
Cumene = = 0.7 2.8 
Butylbenzene 0.9 3.1 
Octylbenzene 0.9 3.9 
Octane + = ne 2.1 3.9 
+benzene (1:1) 
Hexane 1.4 (7.5) 5.8 (6.0) 
Octane 7.6 (7.5) 6.4 (6.0) 


Note. The G are mean values. 


Table gives the radical yields. 


butylbenzene and octylbenzene were made by Wurtz 
synthesis from bromobenzene and the corresponding 
alkyl bromides, The butylbenzene was fractionated 
in the column; the octylbenzene was distilled under 
reflux several times. 


The iodine was used in a concentration of 5 - 
10°‘ to 5 M; the concentration had no effect 
on the yield within these limits and was measured 
spectrophotometrically at the absorption peaks for 
the solutions (490-520 my). The compounds were 
irradiated in the absence of air; the dissolved air 
was removed by freezing and thawing the compounds 
repeatedly under vacuum.* 


The radiation source was Co”; ferrous sulfate 
dosimetry was used. The dose rate was 1.8 - 10% 
electron -volts per liter per sec. 


The results for the alkanes are somewhat lower than those of Weber et al [5] but agree with Schuler's [6]. Our 
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Ap, ep, = 


G for toluene and ethylbenzene are much lower than Schuler's. The G for toluene were checked for the effects of 


impurities by using various specimens of toluene and several methods of purifica- 
tion. In every case the value was close to that given in the table. The yield as 
measured with DPPH was 1.1, which agrees with Schapiro's value [7]. Further, 
the alkylbenzenes all gave G of 0.8-0.9, which indicates that this is the 
correct value; the high ones given by Weber et al [5] are wrong. 


by addition; the phenyl group protects the aliphatic chain, as has been demonstrated 


Table shows that the actual G are always much less than the ones derived 


in other ways. In particular, octylbenzene gives a radical yield much lower than 
that for an equimolecular mixture of octane and benzene, which shows that here 
the intramolecular transfer is much more important than intermolecular transfer. 


Then G is given by (2) and (3) as 


* The iodine color weakened considerably when air-free solutions in octane or octylbenzene were frozen and then 
allowed to thaw. The original color was restored completely when the solution was exposed to a bright light or to 
the y-rays. The iodine presumably forms rather unstable molecular compounds with these hydrocarbons, 


The relative probabilities of the two processes may be estimated by reference to these two equations for the steady 
state for excited aliphatic chains A* and excited phenyl rings Ph® : 


aJe, =k; + ky + apn [Ph] + km @) 
kes, + kp, [Ph] — k,,, [Ph] — ky 


(3) 


in which J is the dose rate, the e are as before, € q and € pp are the rate constants for the formation of radicals from 
the corresponding excited molecules or groups, ka and kpp are deactivation constants, kapp is the rate constant for 
the intermolecular transfer of energy from the aliphatic chain to the phenyl ring, ky is the same for intramolecular 
transfer, [Ph] is the concentration of these rings, and the a are the yields of A* and Ph* per unit absorbed energy. 


a 
A 
G, —G=e8, (Ga Gpn) 
Ph 
a 904 


in which ky tk Ph 
+k, 
Figure shows (Ga — G) as a function of €,; the straight line passes through the origin, so 6 /(1 + ) is nearly 
constant. 


We must know aA/app in order to deduce 9 from (4). The lowest excited level for the aliphatic chain lies 
below the same for the ring, so aq/aph cannot be larger than 1; the © corresponding values for an equimolecular 
ka phiPh] 
ka + ka 
(8 — 8") equals kyy4/(ka + ka) and so its values are 11.3 and 6.0. Finally we find for 


mixture of benzene and octane give 8' as 1.2 and 1.08 (6° = , because ky = 0 for the mixture).* Now 


km 

6' kaph [Ph] 
of 9.5 and 5.5 (for octylbenzene). This means that intramolecular migration is very much more probable than inter- 
molecular transfer from the aliphatic chain to the ring. 


Avivi et al [8] have found that the efficiency of transfer from polystyrene to 2,5-diphenyloxazole and anthracene 
is unaffected if the phosphor is bound chemically to the polystyrene chain. This does not conflict with our result for 
intramolecular migration from the aliphatic chain. Energy absorbed by the aliphatic chain in polystyrene migrates 
to the adjacent phenyl rings (not to molecules of the phosphor), for these rings lie at the ends of the molecule. The 
luminescence results from intermolecular transfer from these rings to the phosphor. 


LITERATURE CITED 
M. Burton, S. Goren, and R. Hentz, J. Chim. Phys. 48, 190 (1951). 
P, Manion and M, Burton, J. Phys, Chem. 56, 560 (1952). 
P, Alexander and A, Charlesby, Nature, 173, 578 (1954). 
Yu, N. Molin, I. 1, Chkheidze, A. A. Petrov, N. Ya, Buben, and V. V, Voevodskii, DAN, 131, 125 (1960). 
E. Weber, P. Forsyth, and R, Schuler, Radiation Res. 3, 68 (1955). 
R. Schuler, J, Phys. Chem. 63, 925 (1959). 
A. Schapiro, J, Phys. Chem. 63, 801 (1959). 
P. Avivi and A, Weinreb, J. Chem, Phys. 27, 716 (1957). 


Ses 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


k 


* We note that since [Ph] = 4 moles/liter, then from the found value of 6' it follows that a = 0,25. 
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Original article submitted July 13, 1961 


We have found [1, 2] that the behavior of precipitated radioactive barium sulfate with respect to dyes is depen- 
dent on the dye and on the type and energy of the radiation. For example, prolonged exposure to the S*° in BaSO, 
reduces the capacity of the sorbent [2]. We have now examined this effect in more detail by means of external 
radiation; the uptake of dye was measured as a function of dose rate and of integral absorbed dose for barium sulfate 
exposed to high-energy electrons. In certain cases we also used BaSO, that had been exposed to a proton beam. 


Electrons of energy 800 kev were produced in an accelerator fed from a capacitor-type voltage -multiplying 
rectifier (1.2 Mev). The beam current at the specimen was monitored by means of the current received by the beryl- 
luim exit window after suitable calibration. 


The proton beam (energy 1.5 Mev) was taken from a 2.5 Mev electrostatic generator.* The irradiations were 
done at a pressure of 10~° to 10°° mm Hg. The target was water-cooled, but the specimen reached a temperature of 
100-150° during the irradiation. The specimens showed no induced activity. 


The barium sulfate (chemically pure) was heated to 300-350° for 2 hr under vacuum (10 mm Hg) in a stain- 
less~steel cylinder. Then the cylinder was filled with nitrogen to a pressure of 5 atm. The resulting material was 
used in the irradiations. It was exposed to the electron beam in an aluminum holder which was water-cooled in 
nitrogen. The preliminary treatment with nitrogen and the irradiation in nitrogen together prevented the BaSO, 
from occluding ozone, which is formed from atmospheric oxygen and which can effect the results. In this case the 
water cooling enabled us to restrict the temperature to 30-60°. The temperature was monitored throughout the irradia - 
tion by means of a copper-constantan thermocouple. In no case was the weight of the specimen altered by the irradia- 
tion. 


Some 30-40 min after the irradiation, a weighed amount of the BaSO, was transferred to a flask containing a 
solution of acid orange or methylene blue; the mixture was stirred for 1 hr, and then the uptake of dye was measured. 
A specimen of unirradiated BaSO, was treated in the same way at the same time. The proportions used were 0.4 g 
of BaSO, to 25 ml (acid orange) and 3 g of BaSO, to 25 ml (methylene blue). 


The dye concentrations were measured with an SF-2M spectrophotometer; the solutions were centrifuged first. 
The divergence between three or four parallel measurements of the absorption was 3-4% for acid orange and 5-8% 
for methylene blue. The initial concentrations were 50, 100, 200, 300, and 450 mg/liter at pH 5-6 (acid orange) 
and 25, 50, 100, and 150 mg/liter at pH 5-5.5 (methylene blue). 


Figures 1 and 2 show the uptake by the BaSO, as a function of integral absorbed dose. 


Curves 2-4 of Fig. 1 and 2-5 of Fig. 2 relate the specimens given various integral doses at a dose rate of 
1.3 - 10°° ev/g-sec. Curve 5 of Fig. 1 and curve of Fig. 2 show the effects of reducing the dose rate to 1.3 - 10” 
ev/g-sec. Figures 1 and 2 and Table 1 showed that the uptake falls as the electron dose increases for both dyes; 
Fig. 3 shows the same. 


The use of protoys instead of electrons reduces the capacity of BaSO, for acid orange very greatly (Table 1). 


* The BaSO, was irradiated with the proton beam in I. Ya. Barit's laboratory at the Physics Institute, Academy of 
Sciences of the USSR. 
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TABLE 1. Effects of Dose Rate on the Uptake by BaSO, 


Dye adsorbed by BaSO, 


1 
50 100 


energy of only 162 kev. 


200 


Equilibrium dye concentration, 
mg/liter 


Fig. 1. Sorption of methylene blue by BaSO,; 
electron-beam doses in ev/g: 1) 0; 2) 1.3: 

- 10; 3) 1.3 - 10%; 4) 1.3 - 104; 5) 1.3 - 10% 
a) Dye adsorbed by BaSO,; b) equilibrium 
dye concentration, mg/liter. 


TABLE 2 
Specimen 
Control 7.7 
Electron dose of 1.3 - 10” ev/g 7.8 
Electron dose of 1.3 - 10° ev/g Be 
Proton dose of 0.4 - 104 ev/g 7.7 


Dye adsorbed by BaSO, 


madi Absorbed dose, | Dose rate, Maximal = Dye 
ev/g ev/g-sec uptake, g/m 
Electrons 13-108 1.3 10° 22.5 Methylene blue 
1.3 - 108 1.3 - 10” 17.5 
13-10 | 300.0 Acid orange 
1.3 108 1.3 - 10” 235.0 
Protons 0.4 10% 0.5:10% | 250.0 


1 


Equilibrium dye concentration 


- 1074, 3) 
- 6) 


0.4 - 1072. 


100 200 J00 400 


mg/liter 


Fig. 2. Sorption of acid orange by BaSO,; 
electron-beam doses in ev/g: 1) 0; 2) 1.3: 
1.3 - 10%; 4) 1.3 - 10%; 5)1.3- 
1.3 - 10°; 7) proton-beam dose of 
a) Dye adsorbed by BaSO,; b) 
equilibrium dye concentration, mg/liter. 


Table 1 shows that the lower electron dose rate is more effective in depressing the uptake by the BaSO,, This 
means that the 6 -rays emitted by sulfur-35 in BaSO, do reduce the capacity, although these 6 -rays have a maximum 
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Dye absorbed by BaSO, 


Fig. 3. U 
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Log of absorbed dose 


ptake of dye by BaSO, as a function 

n dose: 1) Acid orange; 2) methyl- 
a) Dye adsorbed by BaSO,; b) log 

of absorbed dose. 
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It might be supposed that the high dose rates produced by the beams have the effect of reducing the surface 
area of the BaSO,, which would explain the reduced uptake. But results given below show that the specific surface 
of the BaSO, is not affected,* so some other factor must be responsible. 


The radiation dose may reduce the number of active centers; it may, as it were, polish the surface of the BaSO,. 
This is only one possible cause for the reduced capacity, though. Another is that the damage to the sorbent affects 
the electron-density distribution [8-5]. In particular, the beams altered the color from white to light gray or brown. 
This color was lost within a week or so no matter whether the specimen was kept in air or nitrogen, but the BaSO, 
did not recover its former uptake. The color was also lost when the specimens were heated to 200-250° for 1 hr; 
the capacity increased somewhat, but still remained below the initial value. The weights of its specimens were not 
altered by the heating. 


We are indebted to P. Ya. Glazunov and I. Ya. Barit for assistance in this work. 
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* The specific surface of the BaSO, was measured in Deryagin's apparatus. It had previously been shown (by ad- 
sorption of nitrogen) that the BaSO, did not contain blind pores (possible error 10%). 
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The interactions between molecules that lend to dissociation are of interest in relation to the states of gases 
at the high temperatures developed in shock waves. Measurements have been made of the rates of decomposition 
for Oy, Bry, lz, and the like, alone or mixed with other gases [1]. 


I have made measurements on QO, at temperatures up to 7000°K; the methods were the same as those used 
previously at lower temperatures [2], in which the initial stages of the process are examined in order to minimize 
the fall in temperature associated with the dissociation. The essen- 
tial features of the shock-tube system have been described already [3]. 


The absorptivity (at 2275 A) was measured with high time 
resolution (0.025 sec) for the region behind a shock wave (Fig. 1, 
curve 1). Only vibrationally excited molecules of OQ, (v" = 4.5) ab- 
sorb in this spectral region, so any absorption must be associated with 
excitation, and loss of absorption implies dissociation. The relation 
of the absorptivity A to the concentration no, of oxygen molecules 
and to the temperature T was derived by measuring A for the equi - 
librium region (far behind the front) and at the point of maximum 
absorption. The first measurements of A were for T < 3000-4000°; 
extrapolation to larger T on the basis of a Boltzman distribution for 
the initial levels gave results identical (within the errors of experi- 
ment) with the A as measured at point m (Fig. 1) for T up to 7000°K, 
if we assume that vibrational relaxation has ceased by this point and 

dissociation is not yet appreciable.* These assumptions are not strict - 
aes ae ly correct (particularly for high temperatures), for vibrational relaxa- 
tion of molecular oxygen (molarity of Pe 
Q,) behind a shock wave (speed 4.1 tion overlaps with dissociation near m. However, the —— of A to 
T shows that the effect is unimportant for T of 5000-7000°. Further, 
represent the equilibrium values; @ is A is proportional to no, if it is 0.2-0.3 (if the vibrations are in equi- 


the shock-wave front. Pressure 0.11 atm,. librium): 
laboratory time. A= hott). 


Qs 


| 
| 
| 
| 
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Fig. 1. 1) Absorptivity A; 2) temper- 


km/sec) in oxygen. Here T and & 


(1) 
in which ¢g(T) is the relation to temperature. The relation between no, and T implied by the law of conservation 


of energy is 
D 4) mV? (Po\? 
wer +3 | 
D 


* Here T and the other parameters are calculated in accordance with the laws of conservation of mass, energy, and 
momentum as applied to the equation of state in accordance with the measured wave speed (known to 1-2%) and 
with the conditions in front of the wave. 
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(in which D is the dissociation energy, k is Boltzman's constant, m and h(T) are the mass and enthalpy of the oxygen 
molecule, V is the wave velocity, p and p are the gas pressure and density behind the front, and p is the density 

before the front), so we can eliminate ng, from (1). The second term inside 
At the square bracket is less than 0.015, so any change in it can be neglected; 
on a mean p /po may be used. Further, p varies little behind the wave, so it 
vii too can be assigned a mean value. Then (1) and (2) give us a relation be- 
tween T, V, and A, which enables us to deduce T (curve 2 of Fig. 1) and also 
£0, = no (kT/p) (Fig. 1, curve 3). 


If we neglect recombination (which is possible for states far from equi- 


YL 
Ae librium), we get for the region behind the shock wave that 
ys 
7 


—(I + (Os, O2) K Os, 0) bo, (I — 
3000 4000 5000 6000 °K (3) 


Fig. 2. Plot of log K (dimen- 
sions cm*/mole - sec) for the 
dissociation of oxygen. Broken 


lines: 1) [2]; 2) [8]; 3) [5]. 


in which K(Q,, O,) and K(O,, O) are the rate constants for dissociation con - 
sequent upon OQ, ~ O2 and O, — O collisions respectively. Values have been 
given for K(Q, O) [4, 5], so (3) gives us K(O2, Oy) for 4000-7000°K. This 
region is shown hatched in Fig. 2, the central line being the mean value. The 
scatter is large on account of several errors of experiment (width of oscillos- 
cope beam, photomultiplier noise, etc.). 


We may put K as an Arrhenius plot K= PZ exp{ —(D/kT)}, in which Z is the number of collisions in unit 
volume per sec per molecule. It is usually assumed that P may be represented reasonably well asCIVkT)"; it is found 
(6, 7] that n is about 1.5 for collisions between atoms and diatomic molecules. This is closely so for Q,-Ar colli- 
sions [4]; Matthews [8] finds that n = 3 for Q, ~ O, collisions at 
2400-4600°K. My results imply an n of about 4. One possible cause 
of this marked variation in P with T is [4] that vibrational equi- 
librium does not occur completely at high temperatures. Incom- 
plete relaxation at the start of dissociation limits the possibility 
of determining the rate constant as a function of temperature, be- 
cause K will depend on the elapsed time after the passage of the 
wave as well as on the temperature at the higher speeds (temper- 
atures), The range from 2400 to 7000°K is covered by the relation 


100 


80 


K (Ox,O,) = 2-1072 Z exp {— (4) 


4 
\ 


0 ' 7 ; aL but caution is needed in extrapolating this relation to higher T. 

7000 6000 5000 7500 Comparison of the P for O, ~ O, and O,— Ar collisions en- 
—T ables us to distinguish effects dependent on the structure of the 
particles. Figure 3 shows P(Q), Oy) and P(Q,, Ar) as a functions of 

Fig. 3. Mean values of P as a function of (D/KT); the ratio a of the two decreases rapidly (from 30-40 at 

(D/kTY for OQ, — QO, collisions (curves 1-3) 3500°K to 5-10 at 7000°K). Nikitin [9] states that allowance for 

and O,~Ar collisions (curve 4). 1) Present the transfer of rotational energy in Q, ~ O, collisions gives an a 

results; 2) from [8]; 3) from [5]; 4) from [4]. of about 20, which is not dependent on temperature. The actual 

behavior of P indicates that our picture of the process needs revision. 


I am indebted to N. A. Generalov for assistance in this work. 
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ELECTROCHEMICAL HYDROGENATION OF ALLYL ALCOHOL 


M. E. Manzhelei and A. F. Sholin 


Kishinev State University 

(Presented by Academician A. A. Balandin, July 3, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 4, 
pp. 897-899, December, 1961 

Original article submitted June 29, 1961 


The present study was made for the purpose of elucidating the mechanism of cathode reduction of allyl al- 
cohol on electrodes made of platinized platinum. This question was studied as early as 1906 by S. Fokin, who first 


pointed out the possibility of reducing allyl alcohol by means of an electric current. The product of the reaction, 
in his opinion, was propyl alcohol [1]. 


Several techniques have been adopted to solve the problem posed. Polarization curves have been taken i.e., 
measurements have been made of the value of the potentials set up when the strength of the polarizing current is 
varied from 0.001 to 10 ma. These measurements have been accompanied by a measurement of the 
, volume, and a detailed analysis of the gas liberated. The gas to be analyzed was collected in an am- 
pule (Fig. 1) (chromatographic method). 


A study was made of the reaction of allyl alcohol with the degassed electrode surface, i.e., 

of the adsorption (potentiometric method). The reaction in the layer of adsorbed hydrogen was also 
studied [2, 3} The electrode material was a sheet of platinized platinum (Sapparent = 2 cm? »Sactual= 
= 3000 cm ie) with a clean surface, and different amounts of mercury and arsenic added. The technique 
of applying these to the electrode surface is described in [4]. Preliminary measurements were made 
of the charging curves of the electrodes used [5] to find out how the hydrogen adsorptivity and the bin- 
ding energy changes with electrode surface as affected by the above additives. The principal elec- 
trolyte was a 0.1 N solution of H2SO,. All measurements were made with respect to the potential of 

a reversible hydrogen electrode in this solution. 


The electroreduction of allyl alcohol over the whole range of current densities from 3 - 10°" 
to 3 - 10 a/cm® occurs at potentials corresponding, according to the charging curve, with adsorbed 
hydrogen present on the electrode surface. Here a characteristic phenomenon is observed, namely, 
the liberation of gaseous products, beginning at a potential 150 mv more positive than the reversible 
Fig.1 value of the hydrogen electrode potential. The composition of these products, as determined by gas 
chromatography, is given in table in mole percent, and the amounts of mercury and arsenic are given 


in percentages of the total number of surface platinum atoms. (In experiments Nos. 5 and 6, the electrode was 
platinized platinum wire.) 


From the data of table and a comparison of the volume of gas liberated with the current passed, it is clear 
that the reduction of allyl alcohol in an acid medium on a cathode made of platinized platinum occurs mainly with 
the formation of C3Hg, and small quantities of CH4, and Hg. 


If the electrode potential is shifted to the negative side, the amount of propylene is reduced on account of an 
increase in the amount of propane (Experiments Nos. 1-3). At potentials in the further overvoltage range, the reduc- 
tion stops (Experiment No. 4). In alkaline medium, the course of the reaction is markedly different; the liberation 
of gaseous products occurs only at potentials corresponding with the hydrogen overvoltage region. The reaction 
products are preponderantly hydrogen, the liberation of which initially (Experiment No. 5) consumes a part of the 
applied current, and then (Experiment No. 6) consumes the whole current. Thus, the conclusion may be reached 
that in an alkaline medium the reduction of allyl alcohol occurs through the formation of propyl alcohol. 


Adsorption measurements in both acid and alkaline media have shown that HzC = CH — CH,OH as well as 
CH3OH, C,HsOH, and C;H7OH are adsorbed on the electrode giving a sharp change in potential toward the negative 
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Experi- 


mv 
ment No. 


Cal 


C,H, + 
+ 


CH, 


1 80-50 
2 40-20 
3 — 60 
4 


Electrolyte H,SO, 


29.8 66.3 1.3 1.2 1.4 
32.5 62.4 1.8 1.3 2.0 
10.0 69.3 2.7 2.5 15.5 

2.7 10.8 86.5 


4.1 
0.8 


Electrolyte NaOH 


1.4 


94.5 
99.2 


Electrolyte H,SO,4, 
on 20% Hg Electrode 


7 | — 60 | 0.4 10.2 | - | * | 89.4 
Electrolyte 
on 10% As Electrode 

8 | 150 | | | | | 100 


side (Fig. 2, 1). It may be assumed that the HyC = CH — CH,OH molecules are oriented horizontally on adsorption. 


Apparently, vertical orientation is also possible, as supported by the fact that large quantities of propylene are formed. 


The reactions between allyl alcohol and the hydrogen adsorbed on the platinum are also markedly different 
in acid and in alkaline media. In acid medium, parallel with the change in potential toward the positive side, there 


mv 


So 


500 


200 1 


Fig. 2 


is liberation of gas bubbles from the electrode, the chromatogram 
of which has one peak, corresponding with propane. 


If there are small quantities of mercury on the electrode, 
the hydrogenization by previously adsorbed hydrogen, and the 
electrohydration go in the same direction as on a clean platinum 
surface, but at a slower rate. Both reactions stop if the quan- 
tities of mercury are such that, according to the charging curves, 
the platinum loses its ability to adsorb hydrogen. The potential 
shift is reduced on adsorbing allyl alcohol, and at large fillings 
it becomes equal to zero (Fig. 2, 2, 3). Thus, on a mercury elec- 
trode, allyl alcohol is not reduced in agreement with polaro- 
graphic data [6]. Arsenic, which causes a strengthening of the 
bond of the hydrogen adsorbed on the platinum, and to a con- 
siderable degree lowers the adsorption rate of allyl alcohol (Fig. 
2, 4), causes a sharp reduction in the rate of both hydrogeniza - 
tion processes, and to large extent of the hydrocarbon formation 
reaction. At as little as ~ 4% coating with arsenic, the polariza- 
tion curves at current densities of 1 - 10~* a/em? go over into the 
overvoltage region, and repeat the hydrogen overvoltage curves. 


The data given speak for a wide ranging similarity between hydration in the adsorbed hydrogen layer and elec- 
trohydration. Both these reactions are catalytic in nature, and are brought about by interaction between the ad- 
sorbed allyl alcohol molecules and the adsorbed hydrogen. 


The data on the composition of the products resulting from the hydrogenization of allyl alcohol on a platinum 
catalyst electrode make possible a proposal as to the scheme of the reaction. The theoretical basis must be grounded 
on the calculations made by A. A. Balandin using the energetics aspect of the multiplet theory of catalysis. A. A. 
Balandin [7] has shown that, for a nickel catalyst, there is a sequence of possible reactions with alcohols, the in- 


dices of which may be written in the order of increasing energy barriers: 
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With unsaturated alcohols, precedence should be given to the index, corresponding with a reaction which saturates 
a multiple bond. A series of reactions of this sort is also completely possible on a platinum catalyst, since it has been 
shown [8] that the energies of the bond between the atoms in the indices and the catalyst surface change very little on 
going from metal to metal in the group Ni, Pt, Pd. With the adsorbed hydrogen present on the electrode surface, the 
most probable reactions are those with indices (1) and (4). It is well known that platinum is not a catalyst for the re- 
action with index (3). 


In addition, in view of the fact that a large amount of propylene is found in the products of the reaction, the 
above reactions are possible without preliminary hydration of the double bond. In this case, hydrogenolysis of the 
C — O bond should be facilitated because a double bond is present in the allyl alcohol molecule in the a — B -posi- 
tion, which leads to lability of the OH group. Additional experiments have shown that CH;OH, C,H;OH, and C;H7OH 
are not reduced. This confirms what has been said above. In addition, the polarized, adsorbed hydrogen atoms, 
H*ads, should cause polarization of the alcohol molecule at the place where the C — OH bond is located, and the 
hydrogen ions, located in the electric double layer of the electrolyte, should cause shifts in equilibrium toward the 
side of water formation. This last assumption is based on data from an experiment in alkaline medium, where the 
H* ions in the electric double layer were replaced by Na* ions, and formation of hydrocarbons does not occur. 


Everything that has been said leads to the reaction scheme: 


= CH —CH,OH + Hads= == CH — CH} H,0; 
H,C = CH — CH} + Hggs= = CH — CHs. 


The existence on the surface of metallic adsorbents of two oppositely charged hydrogen ions is something that has 
been proposed by many investigators in the field of adsorption and catalysis [9]. 


In addition to the main reaction, saturation of the double bond occurs as a parallel or consequent stage, as 
well as partial hydrogenolysis of the C — C bond to form hydrocarbons of lower molecular weight. 
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COMBINATIONAL LIGHT SCATTERING SPECTRA OF AgClO, 
AND ITS COMPLEX WITH BENZENE 


Sh. Sh. Raskin 


Scientific Research Physics Institute, Leningrad State University 
(Presented by Academician A. N. Terenin, July 13, 1961) 
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AgClO,, like SbCl, and some other complex-forming substances, forms compounds with benzene and its deriva - 
tives. It is a matter of importance that in recent years the crystal structure of the AgClO, - CgHs complex has been 
studied repeatedly by x-ray methods [1, 2], and in [2] it was possible to determine the deformation of the carbon 
skeleton of the benzene ring, as well as to give a value for the energy of the donor-acceptor bond in this complex. 
Up to the present time a number of investigations have been carried out on the spectra of AgClO, complexes. For 
example, in [3], a study was made of the infrared spectra not only of AgClO, - C;Hg, but of the compound 2SbC1, - 

- CgHg in the solid phase, which we studied previously. The results obtained confirm the data of our studies on the 
combination scattering spectra of the complexes which SbCl, forms with benzene and its derivatives [4]. Since the 
nature of the change in the spectra, in the opinion of the author of [3], is not identical in these two complexes, the 
conclusion is reached that there is a different type of bond in them. 


Fig. 1. Traces of combinational scattering spectra of (1) An- 
hydrous, and (2) hydrated AgC10, on the DFS-12 spectrometer. 


In the present paper, a study has been made of the combinational scattering spectra of the polycrystalline com - 
plex AgClO, - C;Hg on a DFS-12 apparatus with a double grating monochromator and photoelectric recording of the 
spectrum (dispersion 5.2 A/mm, relative aperture 1 : 53). The spectrum was excited from the line 4358 A, obtained 
from a low pressure mercury spiralarc with cooled electrodes, built in the laboratory. The short wave length part 
of the arc spectrum was filtered out with a saturated solution of NaNO. 
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At the same time, studies were also made on the spectra of anhydrous AgClO, and its monohydrate. The 
frequencies of the spectra obtained are given in table, and the traces of the spectra on the DFS-12 are reproduced 

in Figs. 1 and 2. The spectra of anhydrous and hydrated AgC1O, are markedly different from one another as may be 
seen from table. It should be noted above all that the frequencies 1045 and 1130 cm-! go over on hydration into a 
triplet band with the maxima 1050, 1085 and 1130 cm™!. Further, the two frequencies 610 and 645 cm~! of anhy- 
drous AgClO, go over into the band 625 cm -! (possibly with structure). We note further, that on hydration the fre - 
quencies 440-485 cm~ of anhydrous AgCl10,4 come together and form a band with the wide maxima 540 and 475 em~!, 


Fig. 2. Traces of combinational scattering spectra of (1) the polycrystal- 
line complex AgClO, - C;Hg, and (2) of liquid benzene on the DFS-12 
spectrometer. 


On examination, the spectrum of the AgClO,4 - CsHg complex in the AgClO, frequency region, as may be seen 
from table, suggests the spectrum of hydrated rather than anhydrous AgClO,. It should be noted that the two new 
intense frequencies 130 and 215 cm appear, and that the frequency of the intense (Cl — O) line at 925 cm~ is 
reduced by 10 cm~!. As to the frequencies in the region of vibration of the second component of the complex, we 
can point to a lowering of the frequency 995 cm~! in CsHg by 15 cm? when the complex is formed, and a similar 
reduction in the frequencies of the doublet 1586-1608 em7} by about 25 cm-!. The C-H frequencies (from A 
4047), marked in Fig. 2 with an asterisk, were also observed. In the spectrum of the complex they are represented 
by a diffuse band, possibly with the two maxima 3050 and 3075 cm}, having not very different intensities, while 


in the spectrum of pure C,H, there are two lines with different intensities in the frequencies 3045 and 3063 em~}, 


There is some point in comparing our results with the data on the combinational scattering spectra of mono- 
crystals of the intermolecular compounds of SbCl, with benzene and its derivatives [4]. As has been shown, when 
these complexes are formed, the following changes occur in the spectra: first, in the valence vibration region of 
SbCl,, the spectra of the complex show a larger number of lines than can be ascribed to the SbCl, molecule (even 
in the case of the two SbCl, : CgH, complex, where the spectra of the components of the complex do not overlap). 

As to the origin of these lines, the proposal has been made that they should probably be ascribed to new bonds, 

formed in the complex. Second, new lines are observed in the region of the organic component of the complex, 
which, as we have proposed, are due to violation of the selection rules. Third, there is splitting and displacement 

of a number of lines in the spectra. Thus, for example, the above-mentioned frequency 995 cm -1 in the spectrum 

of the intermolecular compound 2SbCl, is lowered 4 and the 1586-1608 cm~! doublet is lowered 


In spite of the relatively small magnitude of these shifts, and in view of the fact that it is observed systematical- 
ly in a number of other complexes, we proposed earlier [4], that the lowering in frequency of these lines with ben- 
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Combinational Scattering Spectra of AgC10,, and 
the Complex AgClO, 


zene and its derivatives is characteristic of the formation 
of  -complexes. As we have seen, in analyzing our data 
on the combinational scattering spectra of AgClO, - CsHg, 


Agcio, we also observed the same characteristic changes, but to 
AgClO,-C.H, CH, a greater extent.* The question naturally arises, is it 
anhydrous hydrate possible, since the above-mentioned line shifts in the spec- 
tra of the compounds AgClO, CgHg and 2SbCl, - are 
130(7) know? 2nd the vilue of the energy of the Ag — C,H, bond 
215(6) is known from [1], — is it possible to make some sort of 
sneia 265(<"/2) 4451/5) statement as to the bond energy in the catalytic complex 
450(>41) 2SbCl, * CsHg ? It seems to us that it is impossible to do 
4T5(<A) 475(1/) this simply on the basis of the results which we have. First, 
pes 1) 600 (1) 609(<1) there is no x-ray data on the structure of the crystal or the 
625(1) 625(<1) complex; second, there are indirect indications, which 
645(<A) 915(41/,) 850("/2) suggest the idea that the interaction in this intermolecular 
925(10) 925(10) compound is no longer so small. Some qualitative indica- 
980(10) : tions of this sort are to be found in Menshutkin's paper [5], 
1045(1) 1050(1/.))* 906 (10) as well as in ourexperiments. In addition, the question is 
1085(1/2) not yet cleared up for compounds of this type, whether or 
1130(*/2) 1130(?/2) sake a 1178 (1) not there is a correspondence between the interaction of 
{ 1483("/) the components in the complex and the observed spectros - 
1560 (41/2) copic changes. 
1580 (1) | 1586 (4/2) 
3060 (1) In conclusion , we wish to point out the following. 
3075 (<A) | 3063 (12 Ay In recent years, some new studies have appeared on the 


* Band with maxima. 


spectra of SbCl, and its complexes [6, 7]. In particular, 
[7] repeated our studies on the combination scattering 
spectra of SbCl, with benzene and its derivatives [4], and 
all our experimental results were confirmed. 


As the authors of [7] state, in the spectrum of pure liquid SbCly, in the neighborhood of the intense band at 
357-380 cm~! are to be found weak additional maxima, which explain the appearance of the new lines in the spec- 
trum of the two SbCl, - C;Hg complex. However, repeated studies on the shape of the 357-380 cm~ band both by 
photographic and by photoelectric methods (on the DFS-12), have failed to confirm the existence of these weak 


maxima. 


The authors expresses his gratitude to E. V. Pershina for her assistance in the work. 
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7 * It, therefore, seems to us that the conclusion reached in [3] to the effect that the compounds 2SbCl, « CgHg and 
AgClO, - CsH, are of a different nature since the changes in their spectra are different, is a little ahead of itself. 
The question cannot be definitely solved without x-ray data on the structure of the crystal and the compound. 
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OXIDATION-REDUCTION POTENTIAL OF THE SYSTEM 
IN A NaCl KCl MELT 


M. V. Simirnov and O. V. Skiba 


(Presented by Academician V. I. Spitsyn, June 2, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 4, 
pp. 904-907, December, 1961 

Original article submitted May 30, 1961 


The oxidation -reduction potential of the system u*yu* gives not only the equilibrium between metallic 
uranium and its tri-quadrivalent ions in the melt, but also the residual current from the electrolysis of uranium 
tetrachloride in fused alkaline metal chlorides, caused by the change in charge from u* to U**. in the literature 
there are two papers [1, 2] in which the oxidation-reduction potential of uranium was measured in a fused eutectic 
LiCl — KCl mixture at a temperature of 600°C. Unfortuantely, the measurements were made not with the same, but 
with different, although metallic comparison electrodes: silver in [1], and platinum in [2}. This fact makes it dif- 


Cl, 


Fig. 1. Cell. 1) Quartz 
tube; 2) porcelain spacers; 
3) thermocouple; 4) Pt and 
Mo electrode; 5) alundum 
crucible with Mo suspen - 
sion; 6) electrolyte under 
test; 7) metallic uranium; 
8) NaCl — KCl melt; 9) 
chlorine comparison elec- 
trode; 10)quartz tube for ad- 
ding uranium. 


ficult to compare the published results of the investigations, and very much com- 
plicates the thermodynamic interpretation. But even allowing for the possibility 
of errors in reducing the potentials to any one comparison electrode, there is still 
considerable divergence between them. Thus, it follows from the paper by 
Trzebiatowski and Kisza [1] that, referred to a platinum comparison electrode 

at 450° in a LiCl — KCl melt [8], E*ys+/U4t = — 0.813 v, while according to the 
direct measurements of Hill, Perano, and Osteryoung [2] under these same con- 
ditions E°,ys+/j4+ = — 1.25 v. It may be seen that the difference amounts to 0.44 v. 


We have measured the oxidation -reduction u"yu* potential at the higher 
temperatures 690-810° in a fused 1 : 1 NaCl— KCl mixture. As the compari- 
son electrode we chose a chlorine electrode, which is at equilibrium relative to 
the electrolyte under study. The method used was the one which we had tested 
previously on the system Te*/TS* [4] involving potentiometric titration UCI, in 
a NaCl — KCl melt with metallic uranium. This enabled us to avoid the errors 
associated with the difficulties in making an accurate measurement in the melt 
of the ratios of the concentrations of quadri- and trivalent uranium caused by the 
greater reactivity of the latter. 


The cell in which the measurements were made is shown schematically in 
Fig. 1. The chlorine comparison electrode was in a separate quartz tube having 
an opening filled by an asbestos disphragm. The indicator electrode, which took 
on the potential of the system u**;u“, was a platinum or molybdenum wire, which 
was rotated to stir the electrolyte and was prepared by fusing an equi-molar mixture of 
chemically pure sodium and potassium chlorides in vacuum. The uranium tetra - 
chloride was prepared by chlorinating uranium dioxide with carbon tetrachloride 
vapor, followed by purification consisting of 2-3 fold volatilization in vacuum. 
In the various experiments, the electrolyte contained from 0.6 to 9.6% U by weight. 
The gas volume above the salt mixture was filled with pure argon after evacua- 
tion. The cell was placed in a previously heated furnace, and held until the desired 
temperature was reached, which was kept constant to 4 1°. Then the metallic 
uranium was charged into the melt, and with constant stirring of the electrolyte 
the potential of the indicator electrode was measured once every minute. The 
results of the measurements, plotted relative to time, give distorted potentio- 
metric titration curves. In course of time, these curves become more and more 
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Uranium con- Uranium con- 


' 
centration in | centration in | 98 
ae original inal 33 
em > 
C % tut 8 2 C ju, % 2 
1 | 698 | 1,77 |5,0-10-3| Mo | 1,432 9] 715 | 5,55 |1,7-40-?| Mo | 1,422 
2 | 70 | 4,75 | 1,4-10-?} Mo | 1,423 |] 10 |, 720 | 2,24 |6,5-10-3| Mo | 1,414 
3 | 701 | 9,6 | 2,8-10-%| Mo | 1,423 |] 14 | 740 | 2,10 }6,0-10-3|] Pt 1,404 
4 | 708 | 7,92 | 2,3-10-?| Mo | 1,416 |} 12 | 786 | 4,24 ]1,2-10-2| Pt 1,377 
5 | 714 | 1,52 | 4,3-10-3} Mo | 1,418 |] 13.| 790 | 0,6 |41,7-10-3| Pt 1,376 
6 | 714 | 7,95 | 2,3-10-*| Pt 1,416 || 14} 802 | 1,86 |5,3-10-3} Mo | 1,376 
7 | 705 | 1,98 |5,7-10-3| Mo | 1,428 || 15] 805 | 2,86 | 8,1-10-3| Pt 1,372 
8 | 715 | 2,14 |6,1-10-%| Mo | 1,416 


stretched out, since as the concentration of quadrivalent uranium in the melt decreases, the rate of the heterogene- 
ous reduction reaction + UT = 4U"* falls off. Nevertheless, all the curves obtained show wiggles, 
which correspond with reaching a state of equality between the U“ and U** concentrations in the electrolyte. This 
appears with special clarity in the differential curves, the most typical of which are given in Fig. 2. 


v 
té2+ 
(74+ 
158+ 
{50} 
142+ 
126} 
118 
110 
102+ 


~ 145 


800 °C 


070 Fig. 3. Temperature dependence of the 
0 40 60200 40280 in oxidation-reduction potential of the sys- 
tem U**/u* 


With a molybdenum indicator electrode, 
the curves show an additional wiggle, lying at 
the more positive potentials of about —1 v. With 
a platinum electrode under the same conditions 
there is no such wiggle. Obviously, it came 
from solution of molybdenum according to the 


reaction: 
118 134 182V 
3+ 3+ 
Fig. 2. Potentiometric titration curves with metal- Moy + 3Umeit = + 
lic uranium. 1) Experiment No. 13; 2) experiment 
No. 7; 3) experiment No. 6. Table shows, for various temperatures and 


concentrations of quadrivalent uranium in the 
original melt, the e.m.f.'s of the cell, which correspond with the wiggles in the potentiometric titration curves. 
Corrected for the thermal e.m.f. between the cell electrodes, (C — Mo or C ~ Pt), they give us the desired values 
of the oxidation -reduction potential E*ys+/y relative to a chlorine comparison electrode. The corresponding 
points, given in the curve of Fig. 3 as a function of the temperature,give a good fit to the straight line described 
by the empirical equation 

=—1,906 + 4,83. 107 + 

+0,003v. 
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In spite of the act that the fon fraction concentration of uranium in the original solutions changes almost 17 
times (from 1.7 - 10° to 2.8 - 10%), the magnitude of E Syst / at remains constant within the limits of possible ex- 
perimental error. This shows that the salt mixtures UCl, ~ UC], ~ NaCl — KCl of the compositions investigated be - 
have as ideal solutions. 


The U**/u* oxidation-reduction potential in a NaCl ~ KCl melt is considerably more positive than the 
Th* /th* potential. At 1000°K, the difference in the potentials reaches a value E®ys+;y++ — E°rne+/tn+ = 0.517 v. 
From the previously [5] found value of E°yp2+;th+ = — 1,945 — 0,95-10-*T v in a NaCl — KCl melt relative 
to a chlorine compecionn ceeds, expressions may be found for the equilibrium constant of the reaction ou melt + 
+ TH melt *2U"*meit + Th” melt 


[Th*+] [U*]* 
Hence it follows that, for example, at 1000°K, reduction in a 99% U meltU ( fue 


tion of only 0.6% of the Th (fray = 0,0061 ). 


From measurements on the equilibrium potentials of uranium in a NaCl — KCl melt [6], it was found that 
Ey Just = — 3-010 + 6.65 - 10 ~4 Ty relative to a chlorine comparison electrode. This makes it possible, using the 
equation yy. = 4E%yy+—3E°u/u+ to calculate the value of the standard electrode potential, u/u* 


= 99)is accompanied by reduc- 


Evyju+ = — 2,734 + 6,14-10“T 


Since the value of EY, /u* is given relative to a reversible chlorine electrode, it may be taken directly for 
calculation of the thermodynamic quantities, which express the state of the uranium tetrachloride in the NaCl — KCl 
melt. If it is born in mind that UCI, solutions in the melt behave ideally at concentrations which correspond es- 
sentially with mixtures of the congruently melting compound K,UCk 7] with NaCl and excess KCl, the decom - 
position voltage of UCI, at an ion fraction concentration of uranium [u*'} = 0.2 is given by 


Emelt = — 0,496-10~T Ig 0,2, 
Smelt = 2,734 —5,79-10™T v. 


This quantity is a direct measure of the change in isobaric potential in the formation of uranium tetrachloride 
from its elements in a melt of the composition in question: 


Ur+ 2Clog = UCI, meit, 
AZ = —4Fe melt= — 252 206 -+ 53,41 T cal/mole- 
Hence, the heat and entropy of the reaction are equal to: 


AHuckmelt = — 252 206 cal/mole 
ASuct net = — 53,41 cal/C -mole 


From the thermodynamic data in the literature [7], it is possible to calculate the change in the isobaric poten- 
tial for the formation of pure liquid uranium tetrachloride from its elements: 


AZz = — 283 561 + 49,34T cal/mole. 


Thus, it is clear that mixing liquid uranium tetrachloride with fused NaCl — KCl is accompanied by a considerable 
change in the isobaric potential, equal to: 


A? nixeg= 421 — = — 18645 + 4,077 caymole. 
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This gives a hint of the formation in a fused UCl, — NaCl — KCl mixture of stable complex anions 
Upiert + 6Clmeit melt 


This reaction proceeds with a liberation of heat AH = ~ 18.6 kcal/g-ion, and a small reduction in the entropy of the 
system, AS = — 4.07 entropy units because of some ordering in the mutual orientation of the ions in the melt. 


Knowing the quantities E° U/uUs+ and E° u/u4t We we obtain the expressions for the variation and isobaric 
potential, and the equilibrium constant of the reaction 3U“ 6), + Up =4U* eit 


AZ = —276 744 — = —76381 + 14,117 cal, 


Ig K = = (Ebro — = — 3,0845 + 


161 


In contrast with thorium dichloride [5], uranium trichloride in a NaCl — KCl melt is stable over the whole 
range of attainable temperatures (a lack of proper proportional relationship to UCl, and U should begin at temper- 
atures above 5000°). 
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THE SLOWING DOWN LIMIT IN THE THERMAL CRACKING 
OF ALKANES AS AFFECTED BY THE NATURE OF THE INHIBITOR 


A. D. Stepukhovich 
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(Presented by Academician V. N. Kondrat'ev, March 28, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 4, 
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In 1934, we first observed the slowing down effect of propylene additives on the thermal cracking rate of 
butane. Subsequently, in studying the slowing down effect of propylene additives on the thermal decomposition rate 
of ethane [2], one of the most interesting phenomena in the field of thermal cracking was discovered, namely, the 
existence of the slowing down limit of an inhibitor. The essence of this phenomenon consists in the fact that if the 
inhibitor concentration is increased, the alkane cracking rate falls to some value and does not change with further 
increase in the inhibitor concentration. It has been shown in our later papers that the phenomenon of the slowing 
down limit is characteristic of the effect of different inhibitors on the decomposition of various alkanes [3-10]. 


Staveley and Hinshelwood [11, 12] came to the same conclusion in their studies on the effect of NO on the thermal 
decomposition of alkanes. 


The residual rate of completely inhibited alkane cracking was interpreted by us as the rate of a residual chain 
reaction [4] or, at least, as the rate of primary decomposition into radicals [8, 13]. In connection with these in- 
vestigations, the question arose as to how the various inhibitors effect the thermal cracking rate of a given alkane. 

A priori, it could only be assumed that, if thermal cracking of an alkane is a homogeneous reaction, and the residual 
rate at the slowing down limit is of the same order of magnitude as the homogeneous radical production rate, then 
different inhibitors should slow down the radical-chain decomposition of a given hydrocarbon to one and the same 
limit. Naturally, difference in nature of the inhibitors would show up only in that different quantities of inhibitor 
would be required to reach the well defined production rate. 


The very first calculations [3, 14] showed that the residual rate at the slowing down limit is many times great - 
er than the homogeneous radical production rate, and, consequently, it could not be interpreted as the primary rate 
of dissociation of the hydrocarbon into radicals. This encouraged us to start considering thermal cracking as a process 
involving heterogeneous production of radicals [14, 15]. In the formation of chains on walls, because of the ease 
of formation of radicals on a surface from simple chemisorption (or even from activated adsorption), the production 
rate was increased many times, and approached the observed residual rate. In addition, as shown by experiment, the 
chain length was also reduced, approaching that observable from the composition of the products [4, 14-16]. 


With heterogeneous production of radicals and a homogeneous action of the inhibitors, one can imagine that 
different inhibitors, rupturing the chains in the volume, were the cracking rate of a given alkane to the same value. 
In making an experimental study of the effect of different inhibitors on the cracking rate of the same alkane, for 
example of propylene or isobutylene on the thermal decomposition rate of propane (butane or isobutane), we found 
that the olefine inhibitors mentioned reduced the decomposition rate of the hydrocarbon in question down to prac- 
tically the same limiting value [7-9]. However, we explained this fact in terms of the similarity in structure of the 
inhibitors, whose mode of action consists in carrying off H atoms from the methyl groups in the olefins by means 
of active radicals, and forming low activity allyl radicals [5, 16], The fact is that the residual rate at the slowing 
down limit is still several times greater than the heterogeneous radical formation rate, and may be interpreted as 
the rate of a residual chain reaction for some chain length [4, 16]. In this case, naturally, the slowing down limit 
should be different for different inhibitors, i.e., it should depend on the nature of the inhibitor. 


At almost the same time, Hinshelwood and his coworkers [17, 18] found that even more widely different in- 
hibitors (such, for example, as NO and propylene) reduce the pentane decomposition rate to the same limiting value. 


Thus, both from our studies, and from the work of Hinshelwood and his coworkers, it was possible to come to the 
conclusion that the slowing down limit is independent of the nature of the inhibitor for any given hydrocarbon. How- 
ever, this contradicts the idea of the residual rate as being the rate of a chain reaction. Actually, Hinshelwood, basing 
his arguments on the fact that the rate at the slowing down limit is independent of the nature of the inhibitor, in- 
terpreted the residual decomposition rate of a hydrocarbon as the rate of a molecular reaction, on which, naturally, 
inhibitors have no effect. In the opinion of these authors, thermal 
cracking is a combination ofa molecular and a chain reaction. 


Based on the idea that the slowing down rate is independent of 
the nature of the inhibitor, Voevodskii and his coworkers [19, 20] 
proposed an hypothesis, in which the inhibitor prevents the formation 
of radicals on the walls, but has no effect on the development of 
chains in the volume, i.e., it acts in an exclusively heterogeneous 
way. The fact that the slowing down limit is the same for different 


003 


20. inhibitors finds just as simple an explanation on Voevodskii's hy - 
pothesis, as in Hinshelwood's work, and is, that to block an active 
center on a surface requires just one inhibitor particle of any given 

Ql CH, 612° kind. Here, the residual rate can be interpreted only as a rate of 

isolaH bas" formation, and the developing chains in the volume are very long 
(of the order of several hundred links). 
Pa 635 Without rejecting the advantages of this hypothesis in ex- 
CxHg *CyHy 5/2 ° plaining the observed fact, one must, however, recognize that the 
0 7 2% point of view relative to the absolute nature of the fact itself is 
Additive —>~ subject to doubt. This doubt is based on the facts presented in our 
work, which testify to the fundamentally homogeneous nature of the 
Ethane cracking rate as a function of in- action of olefin inhibitors, although NO as a radical can affect 
hibitor concentration. heterogeneous chain formation. The doubt is further based on the 


ideas, derived from this work, relative to the hetero-homogeneous 
chain character of the residual rate. 


In view of the wide development of studies that have been made on the effect of different alkane cracking 
products on the course of the reaction, we were able to subject our doubts to test. In particular, we tried to show 
which products slow up ethane cracking, since adding ethylene does not show any inhibiting effect, and propylene 
was not observed either in the initial or in the later stages of ethane cracking [16]. In experiments on ethane crack- 
ing made by the authors, E. K.Mogileva and N. S. Sukhova, it was shown that small additions of allene and acetyl- 
ene act like effective inhibitors [16], and here they reduce the cracking rate to a different limiting value. 


Data on the variation of the initial cracking rate of ethane (after 10, 30 and 60 seconds) with the amount of 
added isobutylene, allene, and acetylene at different temperatures (612 and 635°) and different initial pressures (10 
mm for added iso-C4Hg, 20 mm for added C,H, and C,Hg, and t = 60 sec) are given in figure. The curves demonstrate 
clearly that at 612° the added allene and acetylene slow up the reaction rate to different limiting values. At 635°, 
with added allene and isobutylene a difference was also observed in the cracking rate at the limit of inhibitor action 
which lies beyond the limits of possible error in the rate determination. These results prove directly that the slowing 
down limit does depend on the nature of the inhibitor, and, together with this, they prove the radical-chain character 
of the residual reaction at the limit, which occurs in the volume. It should be noted that if the chain formation 
reaction on the walls is prevented by the inhibitor, as occurs from the effect of adding NO, no absolute significance 
is to be attached to the fact that their residual rate is independent of the nature of the inhibitor either, at least in 
the sense of there being any difference in the adsorptional properties of the inhibitors or of their reactivities with 
respect to centers on the surface. In the light of all this, the fact that the limits are the same for some olefins and 
NO in the case of propane or pentane cannot have any absolute significance. 
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One of our previously published papers [1] gives the e.p.r. spectrum of benzene irradiated at 100°K. The 
spectrum shows a well resolved triplet, each component of which is split into a quadruplet. The central component 
of the triplet has a considerably greater integral intensity than is given by the 1 : 2 : 1 binomial intensity distribu- 
tion law. This spectrum may be explained by the superposition of a 1 : 2 : 1 triplet and a single line, the position 

of which coincides with the central component of the triplet. On the basis of this and chemical data on the radiolysis 


of liquid C;H, [2, 3] the conclusion was reached that in the radiolysis of solid C;H, the two radicals C,H;* and CsH7 
are formed. 


Here it was assumed that the spectrum with the hyperfine structure (h.f.s.) corresponds with the radical 


The triplet with a total splitting of about 90 oersted is caused by the interaction of the unpaired electron with the 


two B -hydrogens (2 and 6), and the additional splitting of each component of the triplet into four lines is caused by 
interaction with hydrogen atoms 3, 4, and 5. 


The single unresolved line was ascribed to the C,H radical [1]. 


Recently, a more detailed theoretical analysis has given rise to the idea that this explanation of the observed 
spectrum cannot be considered conclusive, and that a h.f.s. of 3 - 4= 12 components in the e.p.r. spectra may also 
be caused by the radical 


if it is assumed that the unpaired electron is localized mainly in the 2, 4, and 6 positions, and that the two hydrogens 
of the >> CH group give a triplet with a total spreading ~ 90 oersteds and the hydrogen atoms in the 2, 4, and 6 
positions give approximately the same spreading of about 10 oersteds each. * 


By slowly heating the sample to 220°K, and keeping it at this temperature for 20-30 min (see figure), we were 
able to improve the resolution of the spectrum considerably. Here the relative intensity of the central part of the 


* The large splitting at the hydrogens of the > CH, group may be due to several causes: first, the splitting at the 
B -hydrogens is usually greater than at the a-hydrogens, second, the interaction with the hydrogens of the >CH, 


group coines not from one position, but from two (2 and 6), and finally, distortions of the geometric structure of the 
radical are possible. 


| 
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spectrum is greatly reduced. Apparently, the radical giving the single line has undergone a considerable amount of 
recombination. The most important result is the additional splitting of each quadruplet line into a triplet with a 
total splitting of ~ 7 oersteds. (In the central part of the spectrum this splitting shows up less clearly, because of 
the partial superposition of the single line.) This result completely excludes the possibility of ascribing the h.f.s. 
spectrum to the C,H," radical, since the spectrum of this radical cannot contain more than 18 components. The 
idea that the h.f.s. spectrum is caused by the C,H7 radical is supported by the following considerations. 


100 oersteds 


Spectrum of irradiated benzene ; a) 146°K, b) 220°K. 


It is known from studies on aromatic ion-radicals [4] that the total splitting of an unpaired p-electron at 
hydrogens lying in the plane of the aromatic ring cannot exceed 22-23 oersteds (excluding an alternating sign for 
the spin density). The total splitting at all the hydrogens of the ring found in our experiments (determined from the 
total splitting in one component of the fundamental triplet) is equal to 38 oersteds. This means that there is al- 
ternation of sign of the spin density in the ring, the total splitting at hydrogens corresponding with negative spin 
density being equal to (38 — 22)/2 = 8 oersteds. 


It is clear from the CsH7 radical scheme that the negative spin density can be localized only in positions 3 
and 5. Hence, it follows that if the explanation of the spectrum which we have proposed is correct, the additional 
splitting at each of these hydrogens must be close to 8/2 = 4 oersteds. Experiment gives 3.5 oersteds. The proposal 
to ascribe the h.f.s. spectrum to the C,H radical is in agreement with the data obtained in [5], which gives the 
e.p.r. spectra of the radicals formed by the action of hydrogen atoms on polystyrene. In the discussion at this same 
symposium, Cochrane and Adrian reported that they had also found a spectrum with hyperfine structure in the photoly- 
sis of HI with C,H, present in the solid matrix. 


The authors express their thanks to G, K. Voronova for her help in working up the results. 
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TABLE 1. The Structure of Oxide Films Formed on Titanium under Different Oxidation Conditions 


Original article submitted July 4, 1961 


There are several reports in the literature on the composition and structure of the oxide films formed on the 
surface of titanium under conditions of high-temperature oxidation in air, oxidation in boiling solutions of oxidizing 
agents, and anodic oxidation at high positive potentials [1-3]. The data of various authors together with the results 
of the present work are given in Table 1. There are no data in the literature on the structure of passive films formed 
on the surface of titanium during spontaneous passivation in solutions at room temperature or during anodic passiva - 
tion in solutions at comparatively low positive potentials. 


In a number of our earlier works [4, 5] it was shown that titanium can renew spontaneously its protective oxide 
film after the latter has been removed mechanically under dilute (up to 5%) solutions of sulfuric and hydrochloric 
acids. Later it was also established that titanium undergoes spontaneous passivation after its surface has been cleaned 
in solutions of sodium chloride, caustic soda, or nitric acid. In sulfuric and hydrochloric acids with a concentration 
of 10% and above, titanium can be passivated only by anodic polarization [5-7]. The passive state is attained when 
the potential of the titanium becomes more positive than the potential of complete passivation in the given acid 


Conditions and duration of oxidation 


Composition of oxide film 


Literature 
source 


7 


Oxidation in air for 10 days 


Corrosion in 92% H SO, for 100 hr 
Spontaneous passivation in solutions: 
5% HCl, 5% 6% HNOg, 1 N 

NaCl, 1 N NaOH for 10 days 
Anodic oxidation in 40% H,SO4 At 
potentials of — 0.05 and + 1.0 v for 
5 hr 
Oxidation in air 


Oxidation in 10% CrO, for 10 hr 
Oxidation in aqua regia for 0.5 hr 
Oxidation in 50% HNO, for 2 hr 
Anodic oxidation in 0.1 N H,SO,4. At 
a potential of +8.0 v for 5 hr 
Oxidation in 65% HNOsg for 5 hr 


Anodic oxidation in 40% HgSO,. At 
a potential of +8.0 v for 15 min 


TiO with a small quantity of 
TigO; 

Ti,O, - 3-4TiO, 


- 3-4 TiO, 


Laminated scale of TiO, 
Tig O3, and TiO, rutile 

TiQ,, anatase and rutile 

TiO,, anatase 

The same 


TiQ,, anatase with a small 
quantity of rutile 
The same 


[8] 


[15] 
Authors’ 
data 


The same 


Authors* 
data 
The same 


18-20 

18 -20 

18-20 

18-20 

875-1050 [1] 

Boiling 2] 

2) 

18-20 [3] 

Boiling 
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TABLE 2. Interplanar Spacings d and Qualitative Characterization of the Intensities of the Diffrac- 
tion Lines I for the Electron -Diffraction Patterns of Oxide Films Obtained on Titanium in H,SO, and 
HNO, 


Spontaneous passivation in 5% | Anodic oxidation in 40% {Oxidation inboiling 65% 
HgSO,4, transmission method H,SO,4, reflection method HNO, for 5 hr 
treatment 
kept in solution] kept in solu- sida 6; for 15 min] transmission | reflection 
No. | for 1 day tion for 10 atapoten-| method method 
days —0.05 v | + 1.0 vitialof+8.0v 


d air 


2 
Diffuse 
6 


1.15 


14 2 1.03 1 2 2 10.3 
Blurred 

15 0.95 

16 2 0.90 1 0.91 
Blurred 

17 1 0.88 

18 1 0.83 


* The line intensities were estimated qualitatively on a ten-division scale: extremely strong 10, 
very strong 9, strong 8, moderately strong 7, moderate 6, moderately weak 5, weak 4, very weak 
3, extremely weak 2, just perceptible 1. 


solution. For example, in 40% H,SO, solution at room temperature, the potential of complete passivation of titani- 
um is equal to about 4 0.1," so that the anodic passivation of titanium under these conditions becomes possible 
if the potential has any positive value [7]. In the examination of the passive properties of titanium, considerable 
interest is attached to the determination of the composition and structure of the passivating films formed during 
spontaneous passivation in different solutions and also during anodic passivation. 


In our previous study we determined the composition and structure of the oxide film formed on titanium and 
some of its alloys (VT5, VTZ, and VTZ-1) during oxidation in air at room temperature. It was shown that the oxide 
film consists of the titanium oxide TiO [8]. For the study of the structure of the film, the latter was removed from 
the surface of the metal in an anhydrous 5% solution of bromine in methyl alcohol and examined by the "transmis - 
sion" method of electron -diffraction analysis [8]. 


* All the potentials in the present article are quoted relative to the normal hydrogen electrode. 


a 1 2 3.49 13 3.50 7 13.52) 7 3.51 | 6 3.52 
2 3.4-2.8 2 1394) 2. 183i 
Blurred Blurred 
3 2.46 15 2.46 |5 |2.42| 42.43] 3 |2.44] 4 12.44] 1 | 2.46 
: 4 4 |2.34] 5 2.35 | 3 2.34 
5] 5 2.10 |4 2.09 | 3 | 2.03] 212.03] 3 [2.13] 2 [2.04 
oa 6 | 2 1.90 |2 1.89 5 |1.88) 6 |1.89] 4 | 1.88 
2 1.69 |3 1.67 7 11.66] 7 11.6715 | 1.68 
Broad Broad 
8 | 6 1.43 |6 1.43 ]4 | 1.47] 3/1.49] 4 |1.46] 5 |1.47] 4 | 1.46 
9 2 1.34 4 11.32] 4 133°} 2 1.32 
Broad Broad 
10 2 1.24 |3 | 1.29) 21.29) 4 4 |1.24] 3 | 1.25 
11 2 | 1.22 
122 | 2 1.17 1.18 
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In the present work the separation of the oxide film for study of its structure by the transmission method was 
carried out in the same way. In some cases electron-diffraction diagrams were obtained by the reflection method. 
The patterns were recorded on an EM-4 electron-diffraction apparatus with a constant of 39.8 for operation by the 
transmission method and 38.9 for operation by the reflection method. The voltage in all cases was 40 kv. 


We studied the composition and structure of oxide films formed on titanium: 1) during spontaneous passiva - 
tion in solutions of 5% HCl, 5% HzSO,4, 6% HNO3, 1 N NaCl and 1 N NaOH at room temperature; 2) during anodic 
oxidation in 40% H,SO, at potentials of —0.05, + 1.0 and +8.0 v; 
and 3) during oxidation in boiling 65% HNO; solution. 


Table 2 gives the results of the electron -diffraction studies. 
The results of the analysis of the oxide films formed during spon- 
taneous passivation are given only for 5% HgSO,, since similar elec- 
tron-diffraction patterns were obtained for all the solutions studied. 
The diffraction lines in almost all cases showed textural maxima 
(figure). This indicates orientation of the crystals in the oxide 
film, apparently produced by orientation in the surface layers of 
the metal, resulting from the polishing of the surface. 


Comparison of the experimental interplanar spacings and 
line intensities with the tabulated data for the various oxides and 
other compounds of titanium showed that the diffraction patterns 
obtained for the oxide films formed during the spontaneous passiva - 
tion of titanium in all the solutions listed above (case 1) and also 
during the anodic passivation in 40% H,SO, at potentials of -0.05 
and +1,0 v show best agreement with the pattern obtained from the 
titanium oxide with composition Ti,O, - 3-4TiQ,. The slight scatter 
observed in the line intensities for the oxide films obtained in dif- 
ferent solutions is apparently due to distortion of the crystal lattice 
of this intermediate oxide as a result of deviation from the stoichio- 
metric composition, and also to the texturing effect. The oxide 


Electron -diffraction patterns for oxide films of composition Ti,O, - 4TiO, is intermediate between the oxides 
obtained on the surface of titanium under Ti,O; and TiQ,. This oxide was first detected in [9], where the 
different oxidation conditions. a) 5%H,SO, results of its x-ray diffraction study are also given. Later the results 
for 1 day; b) 5% HySO, for 10 days; c) 65% of this work were confirmed in [10] and also in [11, 12]. In the 
boiling HNO, for 5 hr; d) 65% boiling HNO, latter works cited, the two oxides Ti;0) and Ti,O,, correspond to 

for 5 hr (reflection method); e) 40% H_SO,4, the oxide of composition TigO; - 3-4TiO). 

It is interesting to note that the oxide films formed on the 


surface of titanium in 40% H,SO, in a passive state maintained by 

external anodic polarization at a potential (+1.0 v) much more 
positive than the potential of complete passivation of titanium in 40% H,SO,, which is equal to 0.0 v, and also at a 
potential slightly more negative (—0.05 v), consist of the same oxide film. Thus the conversion of titanium to the 
passive state at the potential of complete passivation can be interpreted as involving conversion from a state of in- 
complete covering of the surface by the oxide film (at potentials more negative than the potential of complete 
passivation) to a state of complete covering of the surface by the oxide film (at potentials more positive than the 
potential of complete passivation); the composition and structure of the oxide layer remain the same. 


It should also be pointed out that during the anodic passivation of titanium (at potentials not higher than 
+1 to +2 v) and during spontaneous passivation in solutions, oxide films of the same composition are formed. This 
result emphasizes the correctness of the conclusion previously reached in the literature regarding the absence of any 
fundamental difference between the chemical and anodic passivation of metals [13, 14]. 


Analysis of the electron -diffraction patterns for the oxide films obtained during the oxidation of titanium in 
40% H,SO, at more positive potentials, for example +8.0 v, and also during oxidation in boiling 65% HNO , shows 
that in these cases the film consists of the higher titanium oxide TiO, with the anatase structure, together with a 
small quantity of rutile. These results which we have obtained agree with those of [2, 3]. In Table 2 the lines Nos. 
1, 4, 6-10, and 13-18 refer to the anatase structure and the lines Nos. 2, 3 and 5 to the rutile structure. The slightly 


i, 
b 
| 
a 
4 
ae 
a 
a 
| a 
929 
le 


higher intensity of line No. 7 compared with the other lines in the anatase structure, together with the broadening 
of this line, are probably due to the superposition of the reflections from this oxide and from rutile in the pattern 
of which this line has the highest intensity. Table 2 also shows that electron -diffraction studies by the transmission 
and reflection methods give the same structure for the oxide film formed during the oxidation of titanium in boiling 
65% HNOs. This indicates that the structure of the film is preserved during the removal of the oxide films from the 
titanium surface in a solution of bromine in methyl alcohol. 


Analysis of the data in Table 1, which gives the results of the study of the structure of the oxide films, ob- 
tained in the present work, together with the data available in the literature, leads to the conclusion that the oxide 
corresponding to the highest degree of oxidation of titanium — TiO, — appears on the titanium surface under the most 
severe oxidation conditions. These conditions are: oxidation in air at high temperature, oxidation in solution at 
the boil, and anodic oxidation at high positive potentials. Under less severe oxidation conditions: spontaneous passiva - 
tion in solutions at room temperature or anodic oxidation in solution at comparatively low positive potentials, an 
oxide of lower degree of oxidation than TiQ,, namely the oxide of composition Ti,O, - 3-4TiO,, is formed on the 
titanium surface. Under even milder oxidation conditions, the formation of lower oxides of titanium is possible. 

For example, during the spontaneous dissolution of titanium in H,SO,4, we have detected on its surface the oxide 
TisO; [15], and during oxidation in air at room temperatures, as already pointed out above, the oxide TiO is formed 
[8]. 
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During the measurement of anodic polarization curves on platinum in perchloric [1] and sulfuric [2, 3] acids, 
a sudden increase in the potential is observed in a definite range of current density, characteristic of the acid con- 
centration being studied and the method used to prepare the electrodes. In [1] it was suggested that the potential 
jump during the anodic polarization of platinum is related to the formation, within the potential range 2.2-3.0 v, 
of a new form of the surface oxide, accompanied by a decrease in the energy of adsorption of the O atoms or OH 
radicals formed by the discharge of water molecules. This leads to an increase in the overvoltage, it is assumed 
that the latter is determined by the retardation of the electrochemical formation of adsorbed oxygen. An analogous 
explanation was put forward by Ruetschi and Delahay [4] to explain the shape of the polarization curves observed by 
Hickling and Hill [5] for the liberation of oxygen from alkaline solutions at Pd and Au. Study of the dependence 

of the position and magnitude of the potential jump on the nature and concentration of the acid anion leads to the 
conclusion that the formation of the chemisorbed layer involves the participation not only of oxygen and water but 
also of the acid anions, and experiments with C10," anions labeled with O” have shown that at potentials above the 


upper boundary of the jump, exchange between the adsorbed oxygen and oxygen present in the ClO,” anion becomes 
possible [6]. 


Anodically polarized platinum can also be studied by measuring the curves for the potential drop when the cur- 
rent is broken [5, 7]. In our work we have used the drop curves to calculate the capacity of the electrode from the 
formula C = (igt/ A y), where Ag _ is the initial section of the potential drop during time t and ig is the polariza - 
tion current density before the current is broken [8]. This formula is applicable with the condition that the self- 
discharge current in the initial period of the potential drop is equal to the polarization current. In the calculation 
of the capacity we neglected the ohmic potential drop calculated from Kabanov's formula [9]. Parallel calcula - 
tions of the capacity were carried out by making use of the points lying on the drop curve, as a result of which the 
ohmic drop was eliminated. In this case ig in the formula was replaced by i'9, which was determined from the 
polarization curve with allowance for the potential drop before the readings were started. The position of the sec- 
tion of the curve was chosen in such a way that, on the one hand, it was as close as possible to the potential at which 
the circuit was broken, and on the other hand, the current i'g lay in the region of the polarization curve not distorted 
by the ohmic potential drop. The results of the two determinations agreed within the limits of experimental error. 


The potential drop was measured by means of an electronic oscillograph with delayed scanning. The potential- 
drop curve consisted of a series of points determining the time scale (time marks) with intervals of 5.4 - 10 “61.29 
. 10~, 2.55 : 1075, and 2.02 - 10-4 seconds. In the experiment, the current was switched off by an electronic as- 
sembly for 1071-10 seconds and the potential-drop curve obtained on the oscillograph screen was recorded by 
means of a photographic attachment, after which the polarization was applied again automatically. When a stable 
potential had again become established, the potential-drop curve corresponding to the next point on the polariza- 
tion curve was recorded. The current was maintained for 2 minutes before the circuit was broken. The potential 
drop when the current was broken for a longer period of up to 10 seconds was studied on an MPO-2 loop oscillograph 
with electronic amplifier. We also carried out visual measurements by means of a cathodic voltmeter and stopwatch. 


The experiments were carried out in a cell with separated electrodes and the potential was measured relative 
to a hydrogen electrode in the same solution. Two electrodes of platinum wire with areas of 0.01 and 0.15 cm* 
were used as anodes. Particular attention was paid to the preparation of the electrodes. Before each experiment 
the electrodes were washed in dilute nitric acid and then in concentrated sulfuric acid, after which they were sub- 
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jected to anodic polarization for 30 minutes in 1 N H,SO, by a current of 6 - 1074 amp/cm’. Deviation from the 
procedure for preparing the electrodes had a marked effect on the polarization curves and on the results of the capacity 
measurements. The experiments were carried out in 0.6, 1.35, 4.3, and 10 N solutions of perchloric acid. The rela- 
tionship between the electrode capacity and log i, 
together with the polarization curves, are shown in 
uf /om? “ Fig. 1. At potentials corresponding to the lower branch 
of the polarization curve, at concentrations of 0.6 and 
1.35 N HClO, (curves 1 and 2), the observed value of 
the capacity is approximately 100 pf / cm’; the capa- 
city increases as the current density at which the poten- 
tial jump takes place is approached. In some experi- 
ments the potential jump took place at higher current 


& densities than usual, for example at 8 - ie amp/em 
100}- instead of the normal value of 6 - 107! amp/cm’. In 
this case the capacity increases to approximately 200- 
250 uf/cm*. The reasons for these deviations in the 
50b behavior of the electrode are not yet clear. The ob- 
served high values of the capacity, exceeding con- 
siderably the capacity of the double layer, indicate 
: : . an increase in the covering of the surface with in- 
0 crease in polarization by an electrochemically active 
ee) -—<- substance, i.e., a substance capable of ionizing. It 
Fig. 1. Relationship between the capacity and current may be assumed that in this range of potentials, on 
a density in HClO, solutions: 1) 0.6 N; 2) 1.35 N; 3) 4.3 N; part of the surface at least, the slowest stage is not 
4) 10 N. 1',2',3',4' — polarization curves for the same so- the transfer of electrons from water molecules to the 
lutions. The arrows indicate the direction in which the electrode but the decomposition of surface compounds 
curves were recorded. The dotted line shows the polariza - with the formation of oxygen. 


tion curves corrected for the ohmic potential drop. Determination of the capacity at potentials 


lying on the upper boundary of the potential jump, or 
at potentials exceeding this limit, lead to different 
results. In this case the value of C amounts to 20 4 
+ 2 uf/cm’, which is characteristic of the capacity 
of the double layer. Due to the insufficient frequency 
of the time marks and the high value of the poten- 
tial drop A gy, which reaches 1 v in 10~* seconds, the 
calculation of the capacity for the upper branch of 
the polarization curve is inaccurate. Moreover, the 
high value of the drop in this potential range makes 
doubtful the assumption that the self-discharge cur- 
rent is equal to the value of ig, although the error 
ay 0 cannot be too great, since according to measurements 
log t(sec)-~ carried out by the polarographic method [10], the change 
in the magnitude of the current within this potential 
Fig. 2. Curves showing the relationship between the poten- _ range lies within narrow limits. The most simple 


2 


tial drop and the time from the moment when the cur- explanation of the observed phenomena is to be found 
rent is broken in 1.35 N HC104. 1) i= 10~* amp/cm’; in the suggestion that as the surface layer becomes 

2) 10° amp/cm’; 3) 10% amp/cm?; 4) 10-! amp/cm’; covered with oxygen, there is a gradual shutting -off 
5) 6 - 10-! amp/cm’; 6) potential drop after polarization of the centers available on the surface with a high 

by a current of 6 - 10“! amp/cm? for 1 hr. energy of adsorption of the O atoms and OH radicals 


which are formed as a result of the discharge of 
water molecules. As a result of this, the rate of the discharge reaction decreases sharply and in order to maintain a 
constant current density, an increase in the electrode potential to a value corresponding to the resulting overvoltage 
of the discharge of water molecules becomes necessary. Thus in this case it is suggested that the nature of the jump 
is related to a change in the nature of the slowest stage in the over-all process. 


4 . 

4 


The measurements of the capacity from the potential drop, carried out in more concentrated solutions (cur- 
ves 3 and 4) give in general a similar picture of the relationship between capacity and log i, i.e., a decrease in the 
capacity to a value of approximately 20 uf /cm® with the rise in potential to the upper branch of the polarization 
curve. In this case however the change in the capacity is much more marked; the capacity on the lower section of 
the polarization curve does not exceed 70 yf /cm? and gradually decreases with increase in the slope of the polariza - 
tion curve. Hysteresis is observed when the polariza - 
tion curves are recorded from the high current den - 
bs 5\ sities corresponding to the upper branch of the polariza- 
tion curve to lower values. In this case the capacity 
increases only to values not exceeding 50 py f/ cm’. 
— This result indicates that the change in the electrode 


% surface after the jump is irreversible. 
J0}- 


Figure 2 gives complete curves for the poten- 
tial drop in 1.35 N HClO, after the current is broken, 
plotted against the logarithm of the time. Figure 2 
26+ shows that the curves for the drop, starting from poten- 
\, tials corresponding to the lower branch of the polariza - 
NN tion curve for initial current densities of 10~*-1072 
-” x amp/cm? (curves 1-4) come out on a straight line. 
The slope of this line is 0.1 v, which coincides ap- 
[08 26 Ta 7.7] sec proximately with the slope of the polarization curve 
saitand in the same current density range. This result indicates 
that in the potential range 1.6-2,2 v the evolution of oxy- 
gen takes place by an unchanged mechanism, so that the 


Fig. 3. Curves showing the potential drop after the cur- 


rent is broken: 1) i= 5.2 ° 1071 amp/cm?; 2)6.4- 10-2 nature of the surface is preserved, 

2 2, 
amp/cm’; 3) 1.3 amp/cm’; 4) 2.6 amp/cm’; 5) 5.2 For a drop from a potential of 3.2 v (curve 5), 
amp/cm*. 


the start of the drop curve shows a region of rapid de- 
crease in potential, followed by a section with a slope 


equal to the slope of the lower branch of the polariza - 
tion curve, and at the end of the drop an increase in the slope is observed. The cause of this last phenomenon is not 


clear and requires further study. It should be noted that the drop starting from potentials corresponding to the upper 
branch of the polarization curve takes place to lower potentials than the drop from potentials of the lower branch, i.e., 
intersection of the potential-drop curves is observed. This phenomenon is shown particularly clearly at high anodic 
potentials (the upper section of the polarization curve, see Fig. 3). One possible reason for this intersection is that 
after the surface is covered with oxides there is an increase in the stability of the surface compound with the ap- 
plication of high polarization, i.e., there is an interaction between the surface groups, which might be described as 


two-dimensional crystallization and which leads to a decrease in the electrochemical activity of the polarized elec- 
trode. 


In [11] an increase in the stability of the oxide film with time was observed at lower anodic potentials than 
those considered here. We have also observed a relationship between the behavior of a platinum electrode and the 
time for which the current is passed at higher potentials. When a current of 4 - 10°! amp/em? is passed for a pro- 
longed period at an initial potential of 2.2 v, there is a gradual increase in potential, which after 1 hr rises to 0.1- 
0.2 v, while the capacity decreases from 80-90 pf/cm? to 25-30 pf /cm® in the same period. Thus the covering 

of the adsorption centers with oxygen increases with time, and as a result, the transition to the upper branch of the 
polarization curve takes place at lower current densities. Prolonged polarization of an electrode by a current of 6 ° 

- 107! amp/cm? in 1.35 N HC1O, at a potential of 3.2 v on the upper branch of the polarization curve also influences 
the rate of the drop. Figure 2 (curves 5 and 6) shows that the potential drop after polarization for one hour is more 
rapid than that after polarization for 2 minutes. The rate of the drop in the time range from 10°° to 104 seconds 
after the circuit is broken increases from 1.4 - 10‘ v/sec to 2.1: 10*vAec. These results can also be related to an 
increase in the stability of the surface oxides with time. 
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For studying free radicals the method of stabilizing them in various matrices is widely used [1]. Then the 
stability of the radicals — the temperature at which they are found to recombine at a measurable rate — to a con- 
siderable extent is determined by properties of the matrix. Radicals formed by radiolysis or photolysis of frozen or- 
ganic substances recombine rapidly, when in amorphous substances they are heated to the vitrification temperature 

or near to the melting point in crystalline ones [2]. In certain cases, recombination even takes place at a lower tem- 
perature, namely, in the region where some molecular motions in the matrix are set free. Therefore, it may be ex- 
pected that the use of more stable matrices will enable one to prevent recombination of organic radicals up to higher 
temperatures. An attempt to use an ionic crystal lattice for this purpose was done in the paper [3]: a mechanical 
mixture of KCl and small admixtures of some solid organic substances was exposed to photolysis. In the opinion of 
the said authors, the thus found small effect resulted from radical stabilization of the surface of the microcrystals. 


It is of interest to find out whether stabilization of organic radicals in an ionic lattice used as matrix is possible 
under such conditions that the original organic molecules and the matrix substance are present in comparable amounts 
and form a chemically homogeneous system. For this purpose, for instance, crystalline solvates — molecular com - 
pounds of inorganic salts and organic solvents — which are crystals of known composition [4], may be used. When 
irradiating such compounds by gamma-rays or fast electrons, one may expect that the stability of the formed radicals 
will be enhanced considerably. Although this method of introducing organic compound into an ionic crystal lattice 
is not generally applicable, yet it may be used in many cases, since the number of compounds of this type is quite 
high. In the present study we investigated the radicals formed by irradiating the compounds of normal alcohols 
(methyl, ethyl and n-propyl) with magnesium chloride or calcium chloride having the composition MgCl, - 6ROH 
and CaCl, - 4ROH [5]. The said compounds were obtained by the method described in the paper [6]. The samples 
were irradiated at —170° by fast electrons with 1.6 Mev energy at doses up to about 40 Mrad. The radicals formed 
were recorded by electron paramagnetic resonance (EPR). The concentration of paramagnetic centers in the irradiat- 
ed samples amounted to ~10"° paramagnetic centers per gram. The EPR spectra observed upon irradiating alcohols 
in the CaCl and MgCl, matrices coincide with those of the corresponding alcohols irradiated at the temperature of 
liquid nitrogen [7]. This allows one to conclude that in both cases mainly the same radicals are formed. For three 
of the studied compcunds the EPR spectra are shown in Fig. 1 (a, c, d). It is interesting that the lines which usually 
are observed, when ionic crystals are irradiated, and which result from the formation of trapping centers are absent 
in our spectra. This may be explained by a loosening of the crystal lattice in the formation of a compound with 
alcohol, as a result of which the depth of the electron traps is decreased. 


To get information on the stability of alcohol radicals in frozen alcohol when compared with that in an ionic 
crystal matrix we studied the change in radical concentration at raised temperature. For this purpose the irradiated 
sample together with the standard was kept in a dry nitrogen current of a given temperature. When the sample had 
come to the temperature of the current, the EPR spectrum of the radicals was recorded, then the temperature of the 
current was raised and so on. During about 15 min the temperature of the sample was kept constant and meanwhile 
no noticeable decrease whatever of the radical concentration took place. Such measurements do not allow one to 
get quantitative informations on the kinetics of radical recombination, but they indicate at once in which temper- 
ature range the radicals start to disappear rapidly. Curves of the change in free radical concentration at raised tem- 
perature for frozen methyl alcohol and the compound MgCl, - 6CH;OH are shown in Fig. 2. 


x 


As can be seen by comparing these curves, in an ionic crystal lattice one may easily observe alcohol radicals 
at temperatures considerably exceeding the melting point of methyl alcohol. Up to —30° the radical recombination 
in the matrix proceeds slowly; in 15 min their concentration does not change noticeably. At higher temperatures the 

radical concentration is found to fall rapidly with time, but, obviously, 
this mainly results, because the compound MgCl, - 6CH,OH itself de- 
composes when the sample is kept in the current of nitrogen. Radicals 
formed by irradiating ethyl and n-propyl alcohols were observed in the 
matrices CaCl, and MgCl, up to the temperature —30° too. 


The possibility of observing in a broader range of temperatures 
the free radicals formed in the radiolysis of normal alcohols allowed us 
to get new informations on the nature and the properties of these radicals. 


1. The EPR spectrum of the CH,OH radical observed in irradiated 
MgCk ‘ 6CHgOH at —150° is shown in Fig. la. The amplitude ratio in 
the hyperfine structure of the first derivative spectrum at this temper- 
ature is approximately equal to 1:1.7:1. At raised temperature a 
relative increase in the amplitude of the center component is found. 
This is illustrated in Fig. 1b where the spectrum of this same radical at 
—40° is give. In Fig. 3 it is shown how the ratio of the height of the 
center component (H;) to that of the outer components (H2) depends on 
‘2 Li, temperature. The changes in the EPR spectrum are reversible, that is, 
“90 o€ at lowered temperature H,/H, decreases in the same way. An analysis 
of the CH,OH radical spectrum leads to the conclusion that the change 
Pig. 1. EPR of H,/H, with temperature results from a decreased width of the central 
: component in the hyperfine structure at raised temperature; at the same 
ot he ets a: ee time the width of the outer components hardly changes 
alcohol at — 150°; b) methyl alcohol at 


—40°; c) ethyl alcohol at ~ 80°; d) n- As was shown in the papers [8, 9], effects of this type are common 
propyl alcohol at —150° ; e) n-propyl ones for RCH, radicals and originate, because at raised temperature the 
alcohol at — 90°. rotation of the CH, group around the R- C= bond is set free. When 

the rotation is quite rapid, in the center component of the triplet the 
broadening resulting from anisotropic hyperfine interaction is completely removed, whereas that for the side com- 
ponents stays. 


So, stabilization of CH,OH radicals in an ionic crystal matrix enabled us to observe the onset of the internal 
rotation of the CH, group in these radicals. 


2. In several papers [10, 11] it has been noted that in radiolysis of normal alcohols the expulsion of a hydrogen 
atom preferentially take place in the a-position under formation of RCH,CHOH radicals. The EPR spectrum found 
upon irradiating frozen ethyl alcohol consists of a quintuplet with a binominal 
intensity distribution, which finds a good explanation in the formation of a 
CHs — CHOH radical, since in the latter the hydrogen atoms in the o- and 
B - position are equivalent. Some difficulties arose in the interpretation of 
the EPR spectra of n-propyl alcohol and other higher normal alcohols ir- 
radiated at a low temperature. The point is that in the spectra of all these 
alcohols one observes five main lines with the intensity distribution 1 : 2 : 
:2:2:1. To ascribe such a spectrum to a RCH,CHOH radical it must be 
assumed that the unpaired electron interacts with three hydrogen atoms, but 
the constant for the interaction with one of the 6 -hydrogen is two times 
greater than the constants for the interaction with the two other hydrogen 
atoms.* However, there existed no direct proofs that this interpretation of 


1 
-150 -10 -50° 


Fig. 2. Change in CH,OH radical 
concentration (rel. unit) with tem - 
perature: 1) In frozen methyl al- 


* This interpretation of the EPR spectra found for irradiated higher normal 
cohol; 2) in MgCl, : 6CHsOH. alcohols was proposed by V. K. Ermolaev and Yu. N. Molin. 
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the spectra was right. In the present study it was discovered that the quin- 

tuplet of the EPR spectra of n-propyl and n-amyl alcohol irradiated in a 

6 matrix changes reversibly into a quartet with an intensity ratio close to 
1:3 :3: 1, when the temperature is raised to about — 100° and — 90° shown 
in Fig. 1d, e. In the spectrum of irradiated ethyl alcohol no changes in 
multiplicity were found at raised temperature . 


The discovered change with temperature in the spectral multiplicity 
° for irradiated normal alcohols” indicates that rotation of the CH, group in 
the RCH,CHOH radical is set free and, because of this, both 6 -hydrogens 
; become equivalent and one observes the spectrum characteristic for an inter- 


* A changed multiplicity in the EPR spectrum at —160° was observed previously for isopropyl alcohol [12]. 


a ae 30 0° action of the unpaired electron with three equivalent hydrogen atoms. These 


Fig. 3. The ratio of the height of observations confirm the rightness of the proposed interpretation for the EPR 
the central component to that of spectra of the radicals formed in the radiolysis of higher normal alcohols. 
the outer ones in the h.f.s. of the 
first derivative spectrum for the 
CH,OH radical plotted versus tem - 


In the future the proposed stabilization method will be extended to 
other classes of organic radicals, it is also intended to find out which is the 
highest attainable concentration of free radicals in ionic crystal matrices. 


perature. 
In conclusion the authors thank I, N. Blazhevich for his assistance in 
some of the experiments and Yu. N. Molin for discussing the results. 
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Numerous studies are devoted to the experimental and theoretical investigation of the problem to be discussed. 
However, just after Becker's paper [1] several studies [2-4] were carried out and experimental data were obtained both 
on the magnitude of the condensation (sticking) coefficient % and its dependence on the concentration n of adsorbed 
atoms or molecules. By these studies it was established that x for the gases studied (Hz, O,, CO, Ne) is almost con- 
stant in a certain range of n and always smaller than one (% s 0.5-0.1). When n is further raised, the coefficient 
» begins to fall sharply and attains values of about 10~*-10~*. 


There are known several attempts [2, 5] to explain the dependence of % on n, but they were not successful. 
All authors started from the assumption that the measured decrease of % at rising n actually takes place. 


This paper is based on the assumption that the sticking coefficient * does not depend on the concentration n 
of adsorbed molecules. The experimentally observed decrease of x at rising n originates from the evaporation of 
part of the adsorbed molecules resulting, because by the interaction between the adsorbed molecules the heat of 
chemisorption falls sharply at increasing n; in a preceding paper [6] we have developed a theory for the said inter- 
action. 


We will distinguish the sticking coefficient x= dn/dN and the mean sticking coefficient K = n/N where n is 
the number of molecules adsorbed from the total number N of molecules hitting the metal surface in a given inter - 
val of time so that 


(1) 


K=%— 1 (nda, 
0 


To form an electronic bound with the surface, obviously, a certain time, longer than the duration of a molec- 
ular collision with the surface, is required. Therfore, we assume that chemisorption is always preceded by physical 
adsorption and the latter is characterized by its own sticking coefficient Xph. Correspondingly, chemisorption is 
characterized by its sticking coefficient %,},. In the experiment one usually measured the apparent sticking co- 
efficient of chemisorption 


or the mean apparent sticking coefficient of chemisorption Koh = Nch/N where nch = Ach-MyHere nop is the num- 
ber of molecules chemisorbed and staying per unit surface area, ny the number of molecules evaporated from a unit 
surface area in the same time. 


Let a flow dN/dt hit the surface, then the change in concentration of physically adsorbed molecules dnp /dt 
will be 


dn N —q,/kT —e/kT 
d q,/k e/kT 
X — ngae — ngbe 


at (2) 


~ d(n--ny) 
aN 
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Here the second and the third term at the right hand side, according to the theory of absolute reaction rates 
[7], are equal to the number of physically adsorbed molecules which evaporate and that of the molecules passing 
from the physically adsorbed to the chemisorbed state; q,}, is the heat 


Qs 1 of physical adsorption; ¢ the activation energy for the transition from 
02 4 the physically adsorbed to the chemisorbed state; k Boltzmann's con- 
3 o\ 4 1 stant; h Planck's constant; a and b are the ratios of the partition func- 
qi + tion for the activated complex to that of an adsorbed molecule for the 
006 \ 9 transition from the physically adsorbed state to the gas phase and to 
Q04 3 \ the chemisorbed state, respectively. Upon solving this equation we 
| \ find the value of njp for the case T # 0 
4 Q02 
\ x4 dN /dt 
The change in concentration of chemisorbed molecules dnch/tt 
will be 


dntch —e/kT —q /kT (4) 


Here qch is the heat of chemisorption and ach is a ratio like a but now for desorption from the chemisorbed state; 
the second term at the right hand side is equal to the number of chemisorbed molecules evaporated. 


By substituting (3) into (4) we find the sticking coefficient of chemisorption X%¢h (evaporation is not taken into 
account) 


dN —(qg—e)/kT 


(5) 


and also the apparent sticking coefficient ch (evaporation is taken into account) 


—4q 
dn ch Xp ch 
pe +1 


The second term in the right hand side of (6) originates from the decrease of ch at rising ngp caused by evapora - 
tion. 


The apparent mean sticking coefficient is equal to 


"ch nch 


ch” "chd ch ch (7) 


a 
From (5) it follows that always %ch =%ph. Usually, in physical adsorption of gases ph is small. Therefore, 
Lennard -Jones’ [8] theory of the sticking coefficient, according to which %ph < 1 and practically independent of tem- 
perature, is applicable here. For instance, in the case of hydrogen adsorption on metals in [8] there were found values 
lying in the range 0.16-0.3 and this is in good agreement with the experiment [8]. Hence it becomes also under - 
standable why in the adsorption of oxygen on W the coefficient xe) is independent of temperature in the broad tem- 
perature range detected in the experiments by N. D. Morgulis and A. G. Naumovets [9] and also in adsorption of H2 
on W (see [3]) in that same range, where evaporation as yet does not manifest itself. In these cases es 0 and ph © 
s 0.1-0.2 ev. It should be noted that Lennard-Jones’ theory [8] does not take into account that Xph May depend on 
the concentration of adsorbed molecules, because the conditions of phonon exchange may be altered as surface cover- 
age increases. The relations (6) and (7) describe how Xch and Kch depend on nch. Here it should be underlined that 
Ach is a function of ngh, that is, as a result of the interactions between the adsorbed atoms or molecules, qgp falls 


sharply at raised ngh [6]. Therefore, the magnitude of the second term in (6) and (7) will depend strongly on the 
value of qcp/kT and, consequently, on ngh and T. 
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Curves of %ch(nch) calculated by means of (6) for hydrogen at sorption on W for the three substrate temper - 
atures: 1) 310°K, 2) 610°K, 3) 740°K are shown in figure. The relation dch(nch) was taken from the work of O. 
Beeck. All these curves were calculated for three different values of dN/dt. We used the simplification that Ach is 
equal to kT/h (where h is Planck's constant) In this same figure we have plotted the experimental data of Eisinger. 

It may be said that the agreement between the calculated and experimental relations Ych(Nch) is satisfactorily It 
should be noted that at raised dN/dt or lowered temperature the nop value at which ch begins to fall will be higher 
At temperatures close to the absolute zero point, Yeh will be constant for all ngh. 


However, the here exposed ideas are in agreement, at least qualitatively, with Eisinger's experimental data [3] 
on the way Xch depends on ngp in the adsorption of Nz, O2 and CO on W. For a quantitative comparison one should 
have data on the relation q,4,(n¢)), which are lacking at present. 
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AUTO-DIFFUSION OF ALKALI IONS IN SILICATE MELTS 


V. I. Malkin and B. M. Mogutnov 
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Translated from Doklady Akademii Nauk SSSR, Vol. 141, No. 5, 
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The results of transference number measurements in acid silicate melts [1-3] show that in three-component 
melts containing two cations a mutual effect of the cations on their relative mobility is observed. A cause of this 
mutual effect may be that the strength of the bond between one cation and the silicic acid anion depends on the 

strength of the bond between this anion and the other cation, due to mutual polarization of oxygen by both cations. 


Another factor which is responsible for this mutual effect is the change in degree of looseness of the structure 
when cations of different sizes are joined in pairs. It has been pointed out [1] that the relative role of the two fac- 
tors in melts of this sort depends on the difference in coordination numbers of the pair of cations. As the difference 
increases, a more important role is assumed by the factor related to the degree of looseness of the structure (the 
“geometric” factor), since it leads to a reduction in the relative mobility of the larger cation. If the difference be- 


comes smaller the role of the bond strength factor becomes more important, since it increases the relative mobility 
of the larger cation. 


There is some interest in pursuing the question of how various paired cation combinations influence not only 
the relative, but the absolute mobility as well. To this end, the present paper gives results of measurements on the 
auto-diffusion coefficients of potassium and sodium cations in the following silicate melts: 


Na,O-2SiOs, -NagO- Lig0-4SiO2, NayO-K20-4SiO2, K.O-2Si0,, 
K,0-Li,0-4SiO:, NagO-MgO-4SiO,, NagO-CaO-4SiO,, 
Na,0-SrO-4Si02,. NagO-BaO-4Si02, 
K20-SrO-4Si02, K,0-BaO-4SiO,. 


We have given a detailed description of the measurement technique in [4]. The radioactive isotopes Na*4 
and K*? were used. 


The measurements were made in the temperature range 850-1210°C with melts containing only alkali metal 

cations, and 1100-1300° with the melts containing cations of alkali and alkaline earth metals. The experiments 

have shown that the temperature dependence of the auto-diffusion coefficients of the cations is well described by 
E 


the equation D = D,e #T, where E is the activation energy as may be seen from figure where the straight lines 
logigD Na = f(1/T) are given as an example. In no case did the error of measurement exceed 10%, except that with 


the K,O * CaO - 4SiO, melt the error was larger (* 20%), in view of which a considerably larger number of measure - 
ments was made in this melt. 


The results of the measurements are given in table, which shows Dp and E, as well as the values of the auto- 
diffusion coefficients at t= 1200°, for which the transference numbers were found. 


In [4] it was shown that the mechanisms of diffusion and electrical conductivity are equivalent in a Na,O ° 
* 2SiO, melt. If this is also true for three-component melts, the ratio of the auto-diffusion coefficients in the melts 
should be equal to the ratio of the transference numbers. The transference numbers calculated from the auto-dif- 

fusion coefficients for the sodium ion at 1200° in the NagO - K,O « 4SiO, and Na,O - CaO - 4SiQ, melts (in the latter 
melt the auto-diffusion coefficient of the Ca** ion was measured at 1200°) are equal respectively to 0.53 and 0.75, 
while the values measured directly are 0.52 and 0.70, i.e., even in three-component melts, the mechanisms are the 


same. With this in mind, the mobility of one of the cations may be used with the data on the transference numbers 
to find the mobility of the other cation. 
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K,O- Na,O 4SiO, 
K,O- BaO- 4SiO, 
K20-CaO- 4SiO2 
MgO-4SiO» 
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Log Nat as a function of 1/T. 1) 
NagO - 2510, melt; 2) Na,O Li, 
4SiO, melt; 3) NagO - 4S8i0, 
melt; 4) NagO - CaO + 4SiO, melt. 


It follows from the results given in table that the auto-diffusion coefficient in melts, containing alkali metal 
cations alone, is greater than in melts containing cations of both alkali and alkaline earth metals. The activation 


— 4,8-10-8 | 11900} 23700} 9000} —10 
0,60 | | 2,8-10-9 | 13400 | 24000} 10500} —9,2 
1,33 | | 6,3-10-3 | 16100 | 24200 | 13200} —7,5 
1,35 | 1,6-40-*| 2,3 34800 | 25700 | 31900 4,2 
| 1,5-1075| | 26200 | 25900 | 23309; —1,8 
0,99 | 1,2-40-2 | 19900 | 26300 | 17000} —6,3 
65 | | 1,6-10-2 | 20500 | 26000 | 17600] —5,7 
— |2,7-10->| 8,7-10-*| 10200 | 25400} 7700} —12 
0,60 | 1,7-10->| 8,7-10-3| 18200 | 26300 | 15300} —7,5 
0,95 | 2,3-10-5| 5-10-8 15800 | 25600 | 12900} —8,6 
1,35 | 8,9-10-6 56 45900 | 28300 | 43000} 10 
1,13 | 6,8-10-® | 4,8-10-1 | 32700 | 29000 | 29800 0,514 
0,99 | 6,6-10-8| | 29800 | 29300 | 26900] —1,6 
,65 | | 9,3- 10-8 | 21900 | 29800 | 19000} —7,3 


energy in the first group is less than in the second. This last condition 
is a result of the fact that the bivalent cations of the alkaline earth 
metals form bridges between the silicate anion complexes, and in this 
way densify the structure of the melt. In the first group of melts, going 
from binary to tertiary melts causes the auto-diffusion coefficient to 
drop and the activation energy to rise. 


Going from the - 2SiQ, melt to the NagO Li,O 4Si0, melt, 
in spite of weakening of the Na — O bond, lowers the mobility of the 
sodium ion, because of the effect of the "geometric factor." 


Replacing the lithium oxide in the tertiary melt with potassium 
oxide causes an even greater reduction in mobility of the sodium ion, 
since in this case both the “geometric” and the bond strength factor are 
acting in a direction to reduce the mobility. 


In the series of melts 2SiO2, KgO NagO 4SiO,, and K,0 - 
LizO - 4SiO,, densification of structure predominates, and therefore the 
auto-diffusion coefficient of the potassium ion drops. 


In the second group of melts, containing alkaline earth metal ions 
as in the series of melts K,O - BaO - 4Si0,, K,O - SrO - 4Si0,, K,0 - 


* CaO - 4510), and K,0 - MgO - 4SiQ,, the auto-diffusion coefficient of the potassium cation is reduced, while the 
transference number of the potassium ion is increased. In this series, densification of structure occurs, and the strength 
of the bond between the potassium ion and the anions is reduced, while the strength of the bond between the alkaline 
earth cations and the anions is increased. The densification of structure reduces the mobility of both the potassium 
ion and the ions of alkaline earth metals, but the mobility of the latter is reduced to a larger extent, because the 
bond which they form with the anions is strengthened. For this reason, the transference number of the potassium ion 
increases in this series in spite of the fact that the auto-diffusion coefficient is reduced. 


In second group melts containing sodium, the auto-diffusion coefficient of the sodium ion changes very little. 
At the same time, the data on the transference numbers testify to the fact that the relative mobility of the sodium 
ion in this group of melts drops on going from the NagO - MgO - 4SiO, melt to the NagO - CaO + 4SiQ, melt on ac- 
count of an increase in bond strength caused by the greater strength of the magnesium cation as compared with the 
potassium cation. On going from the Na,O « CaO - 4SiO, melt to the NagO - SrO + 4SiO, melt and further to Na,O °* 
* BaO - 4Si0,, the transference number of the sodium ion increases because of the densification of structure, which 
hinders the motion of the alkaline earth metal ions, the more so, the bigger they are. 
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Comparing the data of table with the results for the transference numbers brings us to the conclusion that the 
increase in relative mobility of the sodium ion in the series NagO - CaO + 4SiQ), Na,O - SrO - 4SiO,, and Na,O - 
- BaO + 4SiQ2, what is responsible is the reduction in mobility of the alkaline earth metal atoms resulting from the 


effect of the “geometric” factor. It is interesting to consider the results obtained in the light of the theory of ab- 
solute reaction rates. 


According to the theory [5] 


AS* AH AF* 
eR aT RT , (1) 


while A is the distance between two equilibrium positions of the diffusing particle, k is the Boltzman's constant, h 
is Planck's constant, T is the absolute temperature, R is the gas constant, AH* is the heat of activation of the dif- 
fusion process, AS®* is the entropy of the process, and AF* is the free energy of activation. 


The structural models discussed in [6] were used to calculate X. For the melts containing sodium oxide, \ = 
= 5.75 A, and with potassium oxide, 6.67 A. 


Table gives values of AF* , AH* and AS* calculated from Eq. (1) at 1200° for sodium and potassium ions. 
The values of AF* po9° vary from melt to melt according to the change in Dyo9°. 


The value of AS* is the difference between the entropies of the transitional (S;;ang) and the ground states 
(Sground) of the diffusing particle. The entropy in each of the states mentioned will be increased if the bond strength 
is reduced, and the looseness of the structure is increased. It may be assumed that the effect of these factors on going 
from melt to melt will in large measure effect the ground state, since there is a less degree of freedom in the tran- 
sitional state, and this state should be less different for the various melts. 


As a result of this, bearing in mind that AS* = Strans — Sground, an increase in bond strength reduces Sground 
and increases S* , while loosening the structure increases Sground and reduces AS* . 


Let us consider the change in the values of AH* and AS* in the first group of melts. In the series K,O + 2SiOQ,, 
NagO 4SiO,, and K,O - LigO 4SiO,, the effect of the "geometric" factor is to increase AH* . In this same 
series, the value of AS* increases (by becoming less negative) as a result of the effect of the same "geometric" 
factor (densification of the structure with reduction in Sground): 


On going from the NagO - 2S{iO, melt to the Na,O - Li,O - 4SiO, melt, in spite of the reduction in bond strength 
resulting from densification of the structure, what occurs is an increase in both AH* and AS* (reduction of Sgroynq)- 
If LigO is replaced by K,O, what occurs is further densification of the structure and in addition strengthening of the 
bond, as a result of which a further increase in AH* and AS* is observed. 


In the second group of melts (the melts, containing alkaline earth metal ions), the values of AH* and AS* 
noticeably exceed those for melts of the first group. This fact is an expression of the denser structure of these melts 
caused by the presence of bivalent cations which play the role of bridges between the anions. In the series of melts 
NagO * BaO - 4Si0,, NagO - SrO - 4Si0,, and Na,O - CaO - 4SiO, what occurs is loosening of the structure and reduc- 
tion in bond strength, which causes a reduction in AH* and AS* . However, on going from the Na,O - CaO - 4SiO, 
melt to the Na,O - MgO - 4SiQ, melt, the role of the "geometric" factor increases along with the further reduction 
in bond strength. The effect of the “geometric” factor is predominating, and, therefore, AH* and AS* increase some - 
what. In the series of melts KO BaO * 4Si0), SrO + 4SiQ,, - CaO 4Si0,, and K,O MgO + 4SiQ,, the 
strength of the bonds between the potassium ion and the anions is reduced, and the role of the “geometric” factor in- 
creases. In this group the bond strength plays a large role, thus reducing AH* and AS* . 


It is interesting to note that for all the melts studied the increase in AH* is accompanied by a simultaneous 
increase in AS* . According to the compensation rule [7], and increase in activation energy is accompanied by an 
increase in Dy. From the point of view of the concepts presented it is understandable that this general rule would be 
obeyed when applied to the diffusion of cations in the melts studied. The “geometric” and bond strength factors 
affect AH* and AS* in such a way that E and Dg change in the same direction. 
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According to present day concepts, the combustion of gunpowders and explosive substances proceeds in several 
spatial stages [1-6]. In the general case, the combustion rate of the system depends on the interaction of all the 
stages of combustion. But in a number of cases, some one stage of combustion determines the rate of flame propaga - 
tion in the whole system, while the remaining stages "add onto” the leading stage. Discovering what the leading 

stage is one of the fundamental problems of the theory of combustion. Because of the complexity of the combus- 


tion process, it is a good idea to consider a simplified scheme, which, nevertheless, takes account of the fundamen- 
tal properties of the real process. 


In the Belyaev-Zel'dovich model [1, 2], on the surface of a burning second-order explosive substance, evapora - 
tion or gasification occurs, and the vapors formed burn up to give the end products in the gaseous phase. The leading 
stage, which determines the combustion rate, is the combustion in the gaseous phase. The combustion of gunpowders 
is a more complicated process. As P, F, Pokhil [3] has shown, in the reacting layer on the surface of the condensed 

gunpowder phase, over-all exothermic reactions occur, which are ac- 
T r-p+4 companied by dispersion of a considerable part of the material. There 
a is a “cold” flame located on the surface of the gunpowder in which a 
smoke -gas mixture is burning into intermediate products, which are burnt 
up in a second, luminous flame. 


wie 
= 


f D Here it will be shown that for various values of the parameters, 
which affect the combustion process, the leading stage of combustion may 
be either the combustion of the smoke-gas mixture, or the combustion in 
the reacting layer of the condensed phase, although the stage of combus- 
tion in the reacting layer of the condensed phase can be the leading one 
only if the reaction going on there liberates heat. 


0 h 


Scheme showing the surface temper - First, we shall trace how changing the initial temperature affects 

ature of the condensed phase of gun- the process of combustion. The line CED (figure) is the surface temper- 

powder, and the combustion temper - ature of the condensed phase, when the leading stage is in the gaseous 

ature Ty as a function of the initial phase. The line MEN is the temperature to which the surface of the con- 

temperature of the powder, To. densed phase is heated by heat liberation q in the reacting layer of the 
condensed phase, 


If the combustion goes according to a three-stage scheme, with a condensed stage, a smoke -gas stage, and a lumin- 
ous flame, Tg will be the temperature reached when the smoke-gas mixture burns in the second stage of combustion. 


The surface of the condensed phase of the powder is heated in the process of combustion by the heat liberated 
q Aq 
in the condensed phase, q, and the heat coming from the gaseous phase Aq (7p =T,+ Cp + ts ). The ratio 


of combustion of the condensed phase is sharply increased by raising the surface temperature T,. Over the range 
of initial temperatures 0 < Tg < Tog, the leading stage of combustion is the combustion in the smoke -gas phase. 


4 
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Regulation of the rate of combustion of the condensed phase is accomplished by the heat Aq, At Ty > Tog, we have 
Aq = 0 if heat is liberated in the gaseous phase. The surface temperature Tp increases, to a first approximation, 
along the curve CEN as Tg is increased. At Tp > Tog, the leading stage is the combustion in the reacting layer of 

the condensed phase. The rate of combustion in the condensed phase (Tp > Tog) exceeds the rate of combustion of 

the smoke-gas mixture of a given composition, therefore, either the combustion front in the gas phase will be removed 
from the surface until it is extinguished, or the combustion process goes over into a burn-up process, the (mass) rate 

of which is determined only by the rate at which products are supplied from the burning in the preceding stage. 


The initial temperature, Tz, at which the leading role is transferred from one stage of combustion to another 
is determined in the following way: 


Tor = Tpe —-L. 
0E pe Cp (2) 
In the general case, at the point of intersection, we may have 


< (Amen (3) 
OT» OTo JE" 


The leading role passes from the gaseous phase to the condensed phase on raising the initial temperature, if 


Ole --JE> 


This case was examined above (see figure). The leading role moves from the condensed stage to the gaseous stage 
at To > Tog, if 


T cep OT MEN 


The way in which the curves CED and MEN interesect determines the relation between the temperature co- 
efficients of the combustion rate B = (0 Inu/OT9)p) at To > Tog (index +), and below the point of intersection (in- 
dex —): 


(St) 


If the over-all kinetics of the chemical reactions in the gaseous phase and in the reacting layer of the con- 
densed phase is described by a Arrhenius law with activation energies Eg and Ep respectively, Eq. (8) is(E/RT >> 1) 
approximately equivalent to the expression 


(5) 


We shall now apply the concepts presented to some problems in the theory of combustion. Raising To of the 
powder above some level causes a substantial increase in B [7-9]. Thus, O. I. Leipunskii and A. I. Korotkov have 
shown [9] that raising the initial temperature of nitroglycerin N powder ~above 40°C causes an increase in B of 
approximately seven fold at atmospheric pressure. On the basis of what has been said above it may be assumed that 
a B (Tg) relation of this sort is to be explained by a transfer of the leading role at Tg > Tog from combustion in the 
smoke -gas phase to combustion in the reacting layer of the condensed powder phase. Let us try the value of Tog in 
formula (2). P. F. Pokhil [3] has experimentally produced flameless combustion of powder in vacuum, which is pro- 
pagated stably only on account of the heat liberation in the condensed phase, and he has shown that q = 80 cal/g, 
Cp = 0.3-0.4 cal/g - deg, with Tp # 300°, Calculation gives To ~ 30-100", which agrees qualitatively with the 
data in [9]. Assuming the Tg > Tog the leading stage of combustion is the combustion in the condensed phase, we 
were able to find the effective activation energy of the reactions going on in the reacting layer of the condensed 


T? T? ' @To |_| 
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powder phase, which was equal to 25 kcal/mole, starting from the experimental relation between the combustion 
rate and Tg [9], and Eq. (1). The value of To¢ was taken from [9], and TpE was taken equal to 300° (a/c, = const). 


By experimentally determining the point Tog where the break in the B(T 9) curve occurs at constant pressure 
and Tpg, it is possible in principle to find q for any pressure 


q=Cp Toe). (6) 

Ya. B. Zel'dovich's theory [2] predicts that raising the initial temperature of a condensed explosive or a powder 
at constant pressure can increase the combustion rate by no more than e (2.7) times. It is known [9] that the actual 
combustion rate may be increased by raising the temperature of the powder by more than ten times. We are of the 
opinion that Zel'dovich's derivation can be used only below the temperature To¢, when the leading stage of com- 
bustion is in the gaseous phase. Actually, below the point Tog, where the break in the B(T9) curve occurs, the com- 
bustion rate changes more than e times [9]. The combustion rate of nitroglycol changes not more than e times with 
change in the initial temperature at constant pressure [7], which is in agreement with what has been presented above, 
since in nitroglycol the q value is small, and therefore the leading stage of combustion is located in the gaseous phase 
for any possible range of initial temperatures. 


It is known that the combustion rate of powder at any temperature is dependent on the pressure. This relation- 
ship, when the leading stage is combustion in the reacting layer of the condensed phase, can probably be explained 
in the following way. The value of q, and, consequently, T)yEN may depend on the pressure, and in addition, the 
reacting layer of the condensed phase will contain gaseous products [38-5], which may also cause the combustion rate, 
which is determined by processes in the reacting layer of the condensed phase, to be dependent on the pressure 


from which we have the following expression for vp = d In u/d In p, when the leading stage is the combustion in the 
condensed phase: 


dT 
u oT» dp ‘RT 2 dp 
aT, 


The effect of pressure on the transition of the leading role from one stage of combustion to another may be 
analyzed in the same way as the effect of temperature. 


In particular, Eq. (4) continues to hold, if Tg is everywhere replaced by P. The physical meanings of the lines 
CED and MEN remains the same as before (T}yEN = To + 4/cp). 


With increase in pressure, the leading stage of combustion is shifted from the gaseous phase to the condensed 

phase, if (Vn > 1((07 men/ Op), > (OT cen/Op),,) and from the condensed phase to the gaseous phase, if 
(val <1 (Ol men / Op), < (OT cep / Op),). 

P. F. Pokhil and V. M. Mal'tsev have shown experimentally that the specific amount of heat, liberated in the 
reacting layer of the condensed phase of nitroglycerin powder, increases with increase in pressure, i.e., there is ac- 
tually a tendency for the leading role to be transferred to the reaction going on in the reacting layer of the condensed 
phase, i.e., the case (vp/ v)g > 1is realized, where v relates to the gaseous phase. 


The relation between the surface temperature T,, in the pressure, when the leading stage is located in the gase- 
ous phase is described approximately (E/RTs» 1) by the formula 


2 
(9) 
dp p Ep 


The work presented is in complete agreement with the physical bases of the theory of combustion of gun- 
powder, formulated by P. F. Pokhil [3]. 


: 
—Ep2RT, (p), 

ul Ey tT, (P) (7) 
_ Pp du 
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The electrical double layer at a semiconductor-solution boundary is in the simplest case formed by the diffuse 
charge in the semiconductor and the electrostatically adsorbed ions of the solution; the Galvani potential at the phase 
interphase is made up of the potential jumps in the Helmholtz layer and in the region of spatial charge in the semi- 
conductor. According to [1, 2], in the case of a nondegenerate surface in the absence of surface states* and dipole 
layers the potential drop in the Helmholtz layer constitutes an insignificant part of the total potential jump at the 
semiconductor -solution boundary both at equilibrium and with polarization of the electrode. The distribution of the 
potential at the surface of a semiconducting electrode can be estimated from the relationship between the magnitude 
of the spatial charge and the electrode potential; for this purpose we used a method involving measurement of the 


rate of surface recombination and the photopotential, i.e., the instantaneous measurement of the electrode potential 
with impulse illumination). 


The rate of surface recombination s, which depends on the external electric field, has a maximum value when 
the concentrations of holes and electrons on the surface of the semiconductor are equal (with the condition that the 
capture cross-sections for capture of an electron or a hole by the recombination center are equal [8]). In this case 
the surface potential 9g, i.e., the difference between the Fermi level Ef and the center of the forbidden zone on the 


surface, divided by the charge on the electron q, is equal to zero, irrespective of the concentration of electrons in 
the bulk. 


The magnitude of the photoeffect is large in the case where an inversion layer is formed on the surface, and 
small in the case where an accumulative layer is formec. The photoeffect disappears when the spatial charge in the 
semiconductor is equal to zero (in the absence of surface states [4]). The electrode potential corresponding to this 

state of the surface has been called the planar zone potential, since in this case there are no inflections in the ener - 
getic zones of the semiconductor at its surface. The surface photopotential is conveniently measured by determining 
the planar zone potential [5]. At the planar zone potential, the energy of the center of the forbidden zone on the 

surface has the same value Ej as in the bulk of the semiconductor, and 


E; 


Thus by measuring simultaneously the rate of surface recombination and the photopotential as functions of the 
electrode potential y, we can “tie” gs for each specimen to definite values of y from two characteristic values. 
It can readily be seen that in the case of a semiconductor with inherent conductivity (Ep = Ej) the surface potentials, 


zero photoeffect, and maximum rate of surface recombination are practically identical and equal to approximately 
zero. 


According to [1, 2], the magnitude of the Galvani potential at a semiconductor-solution boundary depends on 
the concentration of free electrons in the bulk of the semiconductor in the same way as the Fermi level Ef (i.e., it 


* Le., particles specifically adsorbed on the surface and present in equilibrium with the free charges in the semi- 
conductor. 


: 


949 


changes by 59 mv when the electron concentration changes by a factor of 10). Since the potential jump in the 
Helmholtz layer is independent of Ef it is the second component of the Galvani potential — the potential drop in 

the region of the spatial charge Vs — which reflects the change in Er with change in the electron concentration in 

the semiconductor. At the planar zone potential Vs = 0. If it is assumed that the potential jump in the Helmholtz 
layer depends little on the polarization of the semiconducting electrode, i.e., that change in the electrode potential 
is accompanied chiefly by a change in Vs (which is apparently true in the case of a nondegenerate surface in the 
absence of surface states [1]), then the magnitude of the polarization necessary to make the zones planar is close to 
Vs. Consequently, with change in the electron concentration in the semiconductor, the planar zone potential changes 
in the same way as Vg, i.e., it practically follows the Fermi level Ef. If however the concentration of surface is high, 
then a considerable fraction of the applied voltage falls in the Helmholtz layer. 
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On the other hand, the surface potential gy, = : + Vs is practically independent of Ef* and is only a func- 


tion of the electrode potential [1]. It may therefore be expected that the potential of the maximum rate of surface 
recombination, which is unambiguously determined by the surface potential, will be independent of Ef, i.e., in- 
dependent of the specific resistance of the germanium. 


* More accurately, its change with change in Ep is compensated by the change, of opposite sign, in Vs. 
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The rate of surface recombination s on a germanium -solution boundary was measured by recording the drop 
in the photoconductivity in specimens with dimensions 15 - 5 mm and thickness 0.2-0.5 mm. For the measurement 
of the conductivity, a low voltage (50 mv) was applied to the ends of the plate by means of 2 ohmic contacts. The 
specimen was illuminated by the impulse lamp of a PST-1 strobotachometer (frequency of flashing 20-40 sec}, 
duration of flash approximately 3 psec). The signal, which is proportional to the photoconductivity, was amplified 
by means of a USh-2 wide-band amplifier and reproduced on the screen of an IO-4 impulse oscillograph; the con- 
stant for the photoconductivity drop, i.e., the effective life-time of the minority carriers r~, was determined by 
means of a system of time marks. The photopotential A ¢jjjym was measured by means of the same apparatus. In 
both cases the magnitude of the illumination chosen was so small that the polarization of the electrode on illumina - 
tion changed by not more than 0.01 v. 


Before the measurements, the contacts were insulated by means of purified paraffin wax and the electrode was 
treated in SR-4A etching agent and placed in 1 N NaOH solution. After nitrogen had been passed for a prolonged 
period through the solution, the curve showing the relationship between r¢ and the potential was recorded. For the 
determination of A ¢jjjum the surface of the germanium was subjected to anodic etching for a short period in the 
solution in which the measurements were carried out, as a result of which the rate of surface recombination decreased 
considerably. It should be noted that it is impossible to determine s and Ayjjjym for absolutely identical treatment 
of the surface, since the exact measurement of A y4]}ym is possible only in the absence of appreciable recombination. 


Figure 1 shows the relationship between the effective life-time of the minority carriers re and potential for 
5 specimens of germanium with different bulk electrophysical properties (curves 1-5), together with the curve, cal- 
culated from the experimental data for specimen 4, for the relationship between the rate of surface recombination s 
and the electrode potential gy (curve 6). The relationship between the instantaneous photopotential and the electrode 
potential in 1 N NaOH solution is shown in Fig. 2. At a definite value of the 
potential for each specimen, the value of A ¢j1)ym passes through zero and 


’ ! changes sign. The value of the potential yz, at which the photopotential is 
-07 equal to zero, depends on the concentration of free electrons in the germanium, 
. as can be seen from Fig. 3 (1 — in 1 N NaOH solution, 2 — in 1 N H2SO, so- 
lution). 
The experimental data which we have obtained confirm the applicability 
x of the above theories to the germanium -electrolyte interface. The potential 
Ph | | of the maximum rate of surface recombination (i.e., of the minimum re) is 
| , practically independent of the specific resistance of germanium (Fig. 1) and is 
--QI- | 2 equal to — 0.63 v in 1 N NaOH solution, while the potential of zero photoeffect, 
| i.e., the planar zone potential, changes regularly with change in the concentra- 
git | tion of free electrons in the semiconductor (Fig. 3). This gives grounds for 
assuming that under the conditions of our experiments (slight anodic etching 
‘4 ; of the germanium directly before the measurements) the density of surface 
Q3y Hi states is not very high.* Nevertheless a considerable fraction of the applied 


” on” oe on voltage (about 30%) falls in the Helmholtz layer, as indicated by the dif- 
— ference between the slope of the straight lines in Fig. 3 (0.080 v for one order 
Fig. 3 of magnitude of the free electron concentration) and the theoretical slope 


(0.059 v). 


The value of the planar zone potential for germanium with inherent conductance, determined by interpolation 
from Fig. 3 (— 0.51 v in 1 N NaOH solution and 0.13 v in 1 N HgSO, solution), show good agreement with the poten- 
tials of the minimum differential capacity, measured by Bohnenkamp and Engell [6] ( —0.5 and 0.3 v respectively) 
and by Gerischer and Perez-Fernandez [7] (—0.52 and 0.2 v). The displacement of the planar zone potential on 
going from alkaline solution to acid solution indicates that the equilibrium Helmholtz potential difference is con- 
siderable and depends on the pH of the solution. At the planar zone potential the spatial charge in the semiconductor 
is equal to zero, but the surface of the electrode appears to be negatively charged as a result of oxidation, the mag- 


* On the basis of the calculations of Garrett and Brattain [4], it may be concluded that at a high surface state den- 
sity the potential of zero photoeffect depends little on Ef. 


a 
j 
~ 
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nitude of the charge depending on the pH of the solution. The production of this charge brings about electrostatic 
adsorption of cations from the solution. Thus the structure of the double layer on the germanium -solution surface 

at the planar zone potential resembles the surface of mercury at the zero point with specific adsorption of iodide ions 
(the absence of charge in the metal does not exclude the formation of fonic double layers).* 
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* In [8] a minimum differential capacity was observed for a germanium electrode at —0.6 v (in 0.1 N HCl solution), 
and the authors related this to the zero point of germanium. Before the measurements, however, the electrodes 
were subjected to prolonged cathodic polarization, which apparently leads to degeneration of the free carriers on the 
surface. The problem of the. zero charge potential of the ionic face of the double layer on germanium and of the 
zero point of a degenerate semiconductor is being made the object of further study. 
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In the study of the electrolytic reduction of anions at a dropping mercury electrode, a sudden retardation of 
the reaction is observed on going to potentials corresponding to negative charges on the surface; this retardation is 
related to the repulsion of the negatively charged particles from the negatively charged surface of the electrode. 

At more negative potentials the rate of the reaction again increases [1]. It appeared to us of interest to study the 
reduction of the $,0,"" ion under conditions involving a sudden increase in the reaction current as a result of the 
tangential movements of the mercury electrode surface at high rates of flow of the mercury, i.e., for a maximum of 
the 2nd type. It might be assumed that under the conditions of a maximum of the 2nd type, when the solution is 
vigorously agitated, the reduction current for S,Og’~ would be determined by the kinetics of the electrochemical 


process and that the diffusion limitationswhich arise in the conditions under which the 1— ¢ curves are usually record - 
ed would be eliminated. 


The work was carried out with a capillary with constants: m = 6.18 mg/sec and r = 1.35 sec in 0.1 M KCl 
solution with open circuit. All the potentials in this paper are given relative to the normal calomel electrode. 


Figure 1 gives the I— ¢ curve for the reduction of 4.4 - 10°*M KgS,0g in the presence of 0.001 M KCl. With 
positive charges on the surface, a clearly-defined current maximum is observed. Since the rate of flow of mercury 
was high, and the electrical conductivity of the solution low, the observed maximum is the result of the interaction 
of movements of the first and second type, i.e., it must be regarded as an inverted maximum of the Ist type [2]. 


On going from positive values of the charge on the electrode surface to negative values, there is a sharp drop 

in the current, which decreases by a factor of approximately 100 and starts to increase again only at negative poten- 
tials. In this case the retardation of the reaction was more sharp than in other works, since the rate of reaction before 
the drop in the current was much higher as a result of the additional agitation by the tangential movements of the 
surface of the mercury drop. When 6 - 10~‘ M tetraamylammonium (TAA) bromide was added to the solution under 
study, we obtain a normal polarization curve with a clearly-defined limiting -current plateau (Fig. 1, 2). This change 
in the shape of the I- ¢ curve is related to the fact that the adsorption of TAA leads to a retardation of the move- 
ments of the surface of the mercury drop and the current maximum falls to the values of the normal limiting current 


[8]; simultaneously the TAA cation increases the rate of reduction of the anion, so that the minimum on the I- ¢ 
curve disappears when TAA is added [4]. 


Analogous effects were obtained in the case of solutions in which the supporting electrolyte was 0.01 M KCl. 
The current drop in this case was slightly smaller, however, since the retardation of the reduction of the S20," is 
partly eliminated by the K* cations (Fig. 2, 3). In the region of the maximum, the magnitude of the current for 
the reaction is several times greater than the value of the limiting current, and it might be assumed that the current 
at the maximum is determined by the kinetics of the electrochemical process and is not complicated by concentra - 
tion-polarization phenomena. In order to verify this assumption, we recorded curves for the reduction of S,Og"~ at 
different rates of flow of mercury (Fig. 2). If the current for gy = — 1.0 is corrected for concentration polarization, 
the current at the minimum will be practically independent of the height of the mercury column H,* i.e., it will 


K 
* Figure 2 shows the dependence of the I- ¢ curves not on H but on the time for the formation of one drop T =a ; 
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be determined by the rate of the electrochemical reaction. In the region of the limiting current, I is proportional 
toY H, and consequently is determined by the rate of the diffusion process. Figure 2 shows that the current at the 
maximum depends on H and that the diffusion limitations cannot be eliminated completely, even with the vigorous 
agitation of the solution at high rates of flow of mercury. 
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trode in a solution of the same composition as that 


which we studied. In our experiments the highest current at the maximum of the curve amounted to only ~1- 10~° 
amp/cm”, i.e., the reaction in this case takes place according to diffusion kinetics. 


It is known that increase in the concentration of the cations of the supporting electrolyte eliminates the retarda - 
tion of the reduction of S,O,"~ and in this case we observe no drop in the current. Figure 3, 1 gives the I— ¢g curve 
for the reduction of 4.4 - 10°* M KgS,Ox in the presence of 0.1 M KCl. The maximum of the 2nd type is most clearly 
developed in the region of the potential of zero charge. Increase in the charge on the mercury surface retards the 
movement, and the current drops almost to the value of the limiting diffusion current. The introduction of the TAA 
cation to the solution leads to a retardation of the movements of the mercury surface and the I — ¢g curve does not 
show a maximum of the 2nd type. At the potential of desorption of the TAA cation, a slight increase in the current 
is observed, and this makes it possible to estimate the magnitude of the effect of agitation at this potential (Fig. 2, 2). 


* Unfinished work. 
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In concentrated solutions of the supporting electrolyte, the charges have a much smaller retarding effect on 
the movement of the surface and a maximum of the 2nd type is observed throughout the whole range of potential 
on the I- ¢ curve (Fig. 4, 1). The addition of the TAA cation leads to retardation of the movements and the cur- 
rent falls to the values of the limiting diffusion current, within a certain range of potentials (1.0-1.5). At g = —1.58, 
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desorption of the TAA cation from the surface of the mercury electrode takes place, the movements of the surface 
develop again, and the current reaches the same values as in solutions to which no organic substance has been added 
[8]. At positive or small negative charges on the surface, the I— ¢ curve for the reduction of S,0,°~ in the presence 
of KCl and 6 - 10~* M TAABr shows a clearly -defined retardation of the reduction of S,O0g°~ (Fig. 4, 2). In this case 
the phenomenon of retardation is related to the attraction of the anions of the supporting electrolyte into the elec- 
trical double layer by the surface-active organic cations, as has been shown earlier [5]. 


Thus the effects observed earlier during the reduction of highly-charged anions can be observed even more 
distinctly when the surface of the mercury electrode undergoes intensive tangential movements. 
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A great number of papers devoted to the effect of radiation on heterogeneous catalyst has been published. The 
effect of y -rays, neutrons, beams of positive ions and other kinds ofradiation has been investigated. In some cases 
the activity of the catalyst after irradiation was enhanced [1-5], in others it was lowered [6, 7] and sometimes it 
remained unchanged [8]. In studies of the last years the important role of radioactive atoms introduced directly into 
the catalysts has been established [9-11]. But in the literature there are almost no studies in which the effect of dif- 
ferent kinds of radiation on a same catalytic reaction was compared. The aim of the present investigation was to 
study this problem by taking the dehydration of n-decyl alcohol over Al,O, as an example. The alumina used had 
the following composition: 99.87% AlgOy; 0.11% Fe,O3; traces SiQ,. 


The investigation was carried out along three routes: 


1) The catalyst was exposed in an uranium pile to neutrons and y -rays during various times an thereafter 
tested in the catalytic reaction. In this case by the action of slow neutrons with a flux density of ~ 0.8 - 10° cm 
- sec”! some contaminations present in the aluminum oxide are activated and the radioactive isotopes: Na*4 Fe® 
and Cu are formed (Fig. 1). Under these conditions aluminum and oxygen do not form long-living radioactive iso- 
topes and neither does silicon present as a small contamination. The distribution of the induced activity was the 
following: 98% Na**, 2% Fe®®, traces Cu’. The catalytic activity was studied during three days after the catalyst 
had been withdrawn from the pile. 


2. 


x 
2) The radioactive isotope in the form of CeCl, was introduced into the alumina and prallelly the reaction 
was tested on the nonradioactive catalyst to which stable CeCl, had been added. However, we did not succeed in 
preparing catalysts of one and the same chemical composition. The radioactive CeCl; contained the chlorides of 


x 
Ca, Ba, Cr, Mn, Mg and Fe, and upon impregnating the alumina by the CeCl, solution the amount of these contamina - 
tions attained 0.005% per gram AO. The nonradiactive sample was prepared from CeCl, (pure) and contained 0.005 
weight % of it. 


3) During the reaction the catalyst and the alcohol vapor were irradiated by fast electrons. Their source was 
1 Mev accelerating electronic tube. At the catalyst surface the energy of the electrons amounted to 760 kev. The 
dose, which was determined by means of ferrosulfate, was of the order of 10°° ev/g per 10 min. 


The characteristics of the catalysts irradiated in the pile are given in table. The absolute radioactivity was 
measured in a gas-flow 4m -counter. The degree of n-decyl alcohol conversion was found from the bromine num - 
ber. The reaction was tested in an apparatus of the horizontal type, the space velocity of n-decyl alcohol was 
0.32 min“, the weight of catalyst amounted to 0.3 g. The experimental results are shown in Fig. 2, A. 


The alumina irradiated by neutrons during one day showed a sharply lowered catalytic activity (decreased by 
a factor 1.5-2 in the temperature range 275-350°). Its induced radioactivity was small (0.09 m Cu/g).As far as is 
known from previous investigations [9], at such a low specific radioactivity of the catalysts no changes in their 
catalytic activity resulting from the induced radioactive radiation are observed. Evidently, the impingement of 
slow neutrons lowers the number of active centers on the catalyst surface in the same way as was found for the sorp- 
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Fig. 1. Gamma spectrum of the catalyst three days (A) 
and 30 days (B) after the irradiation. 1) The AlO, 
catalyst; 2) Na*4 (A) and Fe” (B). 


tion capacity of barium sulfate, after it had been irradiat- 
ed by electrons or positively charged ions [12]. Exposition 
to neutrons during five days too results in a lowered cataly - 
tic activity of the aluminum oxide, although the decrease 
here is not so great. Finally, an irradiation in the pile 
during ten days somewhat improves the catalytic proper- 
ties of Al,O,; when compared with those of the nonirradiat- 
ed sample. We assume that under these conditions the said 

changes in their properties cannot be caused by the induced radioactivity of the catalyst samples, being of the mag- 
nitude (0.13 and 0.14 m Cu/g) which we found. As will be noted below, by the introduction of a foreign radioisotope, 
even at a specific radioactivity higher by two orders of magnitude, the catalytic activity of aluminum oxide is only 
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Fig. 2. Dehydration of n-decyl alcohol on Al,O, 
in a horizontal (A) and in an upright (B) reactor. 
1) AlO3; 2) AO, irradiated one day in the pile; 
2") Al,O, irradiated one day in the pile and then 
tested during 49 days; 3) Al,O, irradiated five days 


in the pile; 4) Al,O, irradiated ten days in the pile. 
B, 2) AO; + CeCly (0.005%), B,3) Al,O, + Ce’, 


specific activity 11.2 mCu/g.,4) Al,Oy at irradia - 
tion by electrons from the outside. Dose 10° ev 


per 10 min. 


It should be kept in mind that at a protracted irradiation by slow neutrons both constitutive elements of alumina 
are converted into short-living radioactive isotopes: Ar® (Ty = 2.3 min) and o” (Ty = 29.5 sec) with a very high 


radiation energy. The crystal lattice defects originated by their decay will raise the catalytic activity of the original 
sample. A similar phenomenon (accumulated radiation effect) was observed in solid potassium sulfate as a result of 
x 


protracted S** decay in a study of sulfur isotope exchange in the system K,SOg — SOsg at high temperature [13]. So, 
two factors may have an opposite effect on the catalytic activity of a solid: The formation of crystal lattice defects 
and the appearance of electric charges by radioactive decay, on the one hand; the decreased number of active cen- 
ters on the surface caused by the peculiar “polishing” action of irradiation [12], on the other hand. A protracted test 
(49 days) with an Al,O, sample irradiated one day in the pile gave interesting results. At the comparatively low 
temperature (280°) of the test the catalytic activity of this sample did not change with time. It rises rapidly, when 
the temperature is raised, and at 390° it approaches the catalytic activity of the nonirradiated alumina. It may be 
taken that in this case the irradiation by neutrons was of too short duration and did not result in the formation of a 
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noticeable number of crystal lattice defects. The heating makes the catalyst surface becomes nearly normal, 
as was also found in an investigation of the sorption capacity of barium sulfate irradiated by electrons or protons [12]. 


In an upright reactor we studied dehydration of decyl alcohol on alumina to which Ce™ had been added or 
which during the reaction was irradiated from the outside by electrons. The space velocity of alcohol was 0.68 cm”. 
The weight of catalyst amounted to 0.15 g. Irradiation by electrons increases the conversion rate of decyl alcohol, 
especially at the temperatures 250-300° (Fig. 2B). So, at 280° the yield of unsaturated hydrocarbons is raised by ten 
times. At higher temperatures the radiation effects provoked by the fast electrons begin to be annealed and the 
yield of unsaturated hydrocarbons is raised to a less extent, at 390° by no more than 30%. Evidently, the bombard - 
ment by electrons, on the one hand, disturbs the crystal lattice of alumina, on the other hand, excites protons on the 
catalyst surface and alcohol molecules too and this favors the dehydration reaction. 


The degree of n-decyl alcohol conversion on alumina impregnated by a solution of CeMcl,, in spite of the 
rather high specific radioactivity, is not noticeably higher than that of pure AkO;. The addition of nonradioactive 
CeCl, to the catalyst gives a greater effect. Possibly, contaminations present in the solution of radioactive CeCl, 
have a poisoning effect on the catalyst studied. 


So, simultaneous irradiation of the catalyst and n-decyl alcohol vapor by fast electrons gave the greatest effect 
in the reaction studied. Some increase in the catalytic activity of Al,O,; was found upon introducing a radioactive 
6 -emitter into the oxide. Irradiation of alumina by neutrons and y -rays gave the smallest effect or even negative 
results. A more detailed investigation into the mechanism of radiative catalysis by using n-decyl alcohol dehydra- 
tion as a model is going on. 
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Fig. 1. G(Fe°*) as a function of the time passed after 
transmitting a pulse to an air-saturated solution in 
0.4 M sulfuric acid: 1) 2.5 - 1074 Fe**; 2) 2.5 - 1074 
M Fe?*, 10-4 M 3) 2.5 - 10-4 M 4-104 
M GH;OH; 4) 2.5 - 1074 M 107° M GH; OH; 5) 
2.5 10-4 M Fe’*, 10° M GH;OH; 6) 2.5 - 10-4 M 
Fe?*, 107! M C,H;OH. 


photometric method. 


AFTER-EFFECTS IN THE ACTION OF ELECTRON PULSES 
ON SULFURIC ACID SOLUTIONS OF FERROUS SULFATE 
SATURATED WITH AIR AND CONTAINING ETHYL ALCOHOL 


L. E. Stolyarchik and A. K. Pikaev 


Institute of Physical Chemistry, Academy of Sciences, USSR 
Institute of Nuclear Research, Polish Academy of Sciences 
(Presented by Academician V. I. Spitsyn, July 17, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol, 141, No. 5, 


It is known that organic contaminations raise G(Fe**) in a dosimetric solution of ferrous sulfate [1-8]. Dewhurst 
(2, 3] has proved that addition of sodium chloride suppresses the effect of organic substances on the magnitude of the 
final yield G(Fe**) and has given some suggestions for the reason why the Fe** yield is greater, when alcohols are 
present. Until now it has not been studied in detail how the radiolytic oxidation of Fe”" proceeds in the course of 
time, when the solution contains organic compounds. Only Vermeil [5] in the action of x-ray observed a small after - 


effect in the oxidation of Fe”* in a solution saturated 
with air and containing hydrocarbons. Evidently, the 
kinetics of such an ensuing reaction may be studied 
more precisely, only if electron pulses are used. In this 
case the transfer of relatively high doses to the system 
in very short times is made possible. 


In the present study a directly accelerating elec- 
tron tube with special equipment enabling to generate 
single intensive electron pulses of 5 - 10 ~® sec duration 
was used as a source of ionizing radiation to investigate 
after-effects in irradiated 0.4 M sulfuric acid solutions 
of ferrous sulfate saturated with air and containing ethyl 
alcohol. The procedure of obtaining and measuring these 
pulses has been described in a previous communication 
[9] by one of the authors of the present paper. The 
energy of the electrons was equal to 0.8 Mev; the ab- 
sorbed dose per pulse amounted to 1-2 . 107° ev (in the 


entire volume of the solution) and this corresponded to a dose intensity of about 2.5 - 5 - 10% ev/ml sec. 


The solutions were prepared from doubly distilled water; all reagents used were of a sufficient degree of purity. 
The irradiated samples containing Fe** were transferred to a cell (8 ml volume)provided with a glass diaphragm. By 
means of a special transition this cell was connected to the cell of the spectrophotometer and this enabled us to 
measure more rapidly and accurately. The determination of the Fe** concentration was done by the usual spectro- 


The results obtained are given in Figs. 1-4. In Fig. 1 G(Fe**) is plotted versus the time passed after transmitting 
a single electron pulse to the solution at a constant Fe** concentration (2.5 - 10~* M) and various concentrations of 
ethyl alcohol. Fig. 2 gives an similar plot at various Fe** contents and a constant concentration of ethyl alcohol 
(107 M). The curve in Fig. 3 shows how the final yield of Fe** depends on the initial Fe?* concentration in the so- 
lution and Fig. 4 gives the final yield of Fe®* as a function of the initial concentration of ethyl alcohol in the solution. 


The results obtained by studying solutions which during the irradiation did not contain Fe** ions are assembled 
in table. In this case the solutions were irradiated in a cell (6.5 ml volume) provided with a glass diaphragm. After 
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Dependence of G(Fe**) on Time for Solutions Obtained by Mixing an Irradiated Solu- 
tion without Fe** with Solution of Ferrous Sulfate 


Time | 
a b c d e a c e 

min | in 
1,0 2.4 sie | 5,1 4,9 |] 10,0 12,9 
5 | 5,2 74 6.3 | 6:8 11,0 13.3 
20 6.4 g2 | | |] 12,0 13.6 
3/0 74 93 | | 89 13.9 13/9 16,9 ~ 
3.5 | 3: 8.4 1:0 | 9:8 | 10:5 |] 15:0 
9°0 | 10:5 | 4153 |] 14,8 17,4 
10.0 12,8 | 14,4 | 1224 |] 20/0 
55 31 1055 one 23:0 15,3 pa 
60 | — 10.9 13,8 | 11,9 | 43,2 |] 28:0 a 17,1 
70 — 1155 14,8 | 12,4 | 43:7 |] 30:0 15,7 
15.5 | 13:0 | 440 |] 40:0 15.8 — | 14:9 | 16.3 
12°6 — | 43.3 | 44.3 3.1 15.9 17,4 | 15:1 | 16:4 


Note. a ec e 


the irradiated 

solution 
Composition of 2.5.107* 2.5-10% 25-10% 25-10% 25-10 
solution after M + MFe*+ MFet+ MFe*+ 
mixing 


Composition of H,O H,O 0.4M 0.4M 0.15 M 


Time passed be - 
tween trans- 
mitting the 2 2 2 1 20 
pulse and 
mixing the so- 
lution, min 


that, 3.5 ml of a solution containing Fe** and other substances in the amount required for the comparison were added 
to the irradiated solution. After mixing we transferred a sample of the solution obtained to the cell of the spectro- 
photometer. The concentration of the final solution is given 


/ without correcting for the concentration changes caused by 
40 the precision in the determination of the absorbed dose 
30+ (4 10%). The relative error for various points on one and 
Ps 


be ad go 4 3 the same curve is connected with the accuracy of rapid 
S18 4, measurements in the photometer. In the first five minutes 
‘ 10}- this relative error does not exceed + 2% and later + 1%. 


0 5 wv 1 Tu From Figs. 1 and 2 it is evident that in irradiated 
sulfuric acid solutions of ferrous sulfate saturated with air 
Fig. 2. G(Fe**) as a function of the time passed and containing ethyl alcohol a considerable Fe”* oxidation 
after transmitting the pulse for 0.4 M sulfuric is found to proceed long after the irradiation. Oxygen plays 
acid solutions saturated with air: 1) 2.5 - 10°M an important role in this reaction. Upon irradiating a so- 
Fe**, 10 M GH,OH; 2) 5 - 10 M Fe**, 107M lution of the following composition: 2.5 - 1074 M Fe®*, 
C,HsOH; 3) 10° M Fe?*, 10 M C,H,OH; 4) 2.5- 0.4 M and 10-1 M C,H,OH from which air had been 
10° M Fe**, 10% M CH,OH. removed by bubbling argon through the solution we got a 


value of G(Fe**) equal to about 5 ions/100 ev. No after- 
effect whatever was detected. 


By our study it has been established after irradiation is over, the oxidation of bivalent iron goes on during a 
time varying from a few minutes to one hour, dependent on the concentrations of Fe* and CH,OH. The rise of 


* The argon was purified by passing it over a sodium -potassium alloy. 


HgSO,4 C,H;OH C,H;0OH C,H;OH C,H;OH 


G(Fe**) resulting from the after-effect is the greater the lower the concentration of Fe** ions. For small ethyl al- 
cohol concentrations (up to 10% M) this rise is nearly proportional to the C,H;OH concentration. At high C,H;OH 
concentrations (above 10 M) further raising the said concentration does not result in an increased G(Fe**). In so- 


Fig. 3. The final Fe** yield (at t = «) 
as a function of the initial Fe** con- 


10 M GH;OH. tion in M - 10°. 


when C,H;OH is present, may be initiated by hydrogen peroxide. 


by Dewhurst [3]: 


H,O0 H,OH, He, H209; 
hy 
H -++- O2 HOs; 


k 
+. OH + OH-; 
ks 
CH;,CH,OH OH — CH,CHOH -} H,0; 
k 
CH;CHOH +. 0, —> CHsCHOH; 
| 


O3 
OOH 


k | 
CHsCHOH ++ Ht — + CHsCHOH; 
| 
O3 


ke 
Fe?+ +- CHsCHOH —> Fe*+ + CHsCHOH OH-; 
| 
OOH 


Ry 4 
Fe®* |. CHsCHOH + H+ —> -+ CHsCHO + H,0; 


Re 
CHsCH,OH CHsCHOH — CH3CHO CHsCHOH -}- H20; 
| 


ky, 
Fe®+ HO, -+ H+ — -+- 


Rio 
Fe?+ -{- — OH OH-. 


The process initiated by hydrogen peroxide comprises the reactions (10), (2)-(8). 


O QI 02 03 04 Q6 G7 08 a9 10 
1 i j i H-OH 
0 as 0 5 105) Initial C,H;OH concentration 
(Fe**J — Fig. 4. The final Fe** yield (at t = ©) as 
a function of the initial ethyl alcohol con- 
centration in 0.4 M sulfuric acid solutions 


saturated with air and containing 2.51074 
centration in 0.4 M sulfuric acid solu- M Fe”". 1) Initial C,H;OH concentration 


tions saturated with air and containing inM - 10°; 2) initial C,H;OH concentra - 


lutions containing more than 10° M C,H;OH and less than 5 - 10°*M Fe?” the value of G(Fe**) is more than two 
times higher than that for solutions without alcohol. The oxidation of Fe** which takes place in the course of time, 


Evidently, the radiolytic oxidation of Fe** in the presence of ethanol and oxygen and also the analogous process 
initiated by hydrogen peroxide are chain reactions. Obviously, this process is described by the mechanism suggested 
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When the solution contains more than 10° M C,HsOH and less than 5 - 10° Fe** the chain embraces the re- 
actions (4)-(6) and (8), whereas its length is greater than one. The dependency of G(Fe**) on the concentrations of 
Fe** and C,H;OH is connected with the magnitude of the rate constant ratios ke/ks and k7/kg. Obviously, because 
at high ethanol concentrations other reactions take place, G(Fe**) no longer depends on the said concentration. This 
may result, for instance, from the recombination of peroxide radicals [10]: 


2CHsCHOH — CHsCHOH + CHsCHO + Og. 
| | (11) 
0; OOH 


The authors reckon it their pleasant duty to acknowledge Academician V. I. Spitsyn for his interest in the 
present investigation and also P. Ya. Glazunov and his team for assistance in the study. 
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The interest in the radiolysis of n-hexane at temperatures between 15 and 25° stems from the fact that it may 
elucidate certain general problems connected with the radiolysis of liquid n-alkanes. This explains why the radioly - 
sis of n-hexane has been so thoroughly investigated [1-4]. Yet as far as we know the rates of production and the com - 


position of radiolysis products have only been examined at doses greater than 0,5-1- 10! ev/ml, in what is known as 
a non-linear region [5]. 


We have investigated in this work the amounts of hydrocarbons C,-C, produced when n-hexane is radiolyzed 
at considerably smaller integral doses, 3-100 - 10" ev/ml; the dose intensity was maintained at 6.60 - 10“ ev/ml 


‘sec. A Co™ source served as emitter of y -radiation. Degassed 0.2-0.3 ml samples of pure n-hexane were irradiated 
in small sealed glass tubes (0.4-0.5 in volume) at room temperature. 


The commercial n-hexane was treated with fuming sulfuric acid, purified by passage through a column packed 
with ASK silica gel, and distilled at atmospheric pressure . The absence of aromatic hydrocarbons and dienes was 


verified by examining the ultraviolet absorption spectra of the material; the purity of n-hexane was also checked 
chromatographically and mass- spectroscopically. 


Gaseous radiolysis products C,-C4 were analyzed by gas chromatography. A chromatographic column 75 - 0.6 
cm was packed with a "ASK" silica gel which had previously been coated with KOH (2 wt. %). Samples of irradiated 
hexane were chromatographed at room temperature; the carrier gas (hydrogen) was circulated at the rate of 40 
ml/min. To avoid loosing any of the gaseous radiolysis products when the sample is introduced into the column we 
used a specially designed gadget [6] for breaking the irradiated tubes. 


Since the sensitivity of a catarometer is obviously inadequate to detect some of the products produced in the 
radiolysis of hexane at low integral doses, we used a highly sensitive flame-ionization detector [7] the design* of 
which is shown in Fig. 1. Weak ionization currents of the hydrogen flame were amplified by a "cactus" model 
microroentgenometer; the chromatograms were registered by means of model EPP-09 automatic recording potentio- 
meter (with a 10 mv scale and 2.5 sec response time). By using the flame-ionization detector we could analyze im- 
purities present in the starting mixture in amounts less than 10~° wt %. The detector Was sensitive to amounts of 
propane no less than 2 - 107” mole (input resistance 10 g - ohm). The detector and the apparatus for introducing 
the samples were maintained at a constant temperature of 60°. The quantities of analyzed gaseous products were 
determined by absolute calibration. The calibration constant was determined with an accuracy of + 5%. 


In Table 1 we have compiled the average yields of gaseous products (in milliliters of gas per 1 ml of liquid 
hexane) generated at various integral radiation doses. To show how reproducible our data were we have also recorded 


the analytical results for individual tubes exposed to a dose of 29.4 - 10” evfml. The relative deviations from the 
average did not exceed +10%. 


Figure 2 shows a log-log plot of the total yield of certain gaseous products versus the integral radiation dose. 
By expressing the experimental data in logarithmic coordinates we can represent much more clearly the relationship 


* The design was worked out in cooperation with S . K . Krasheninnikov, engineer SKB INKhS. 


: 


TABLE 1. The Yield of Gaseous Products from n-Hexane Radiolyzed by y -Rays 


Integral dose, ev/ml 
Radiolysis 3,0-10" 11,5-10" 19,5-10" 100-101* 
analysis of individualtubey average 
a | b | a | b a | b 
Methane —_—_{0,66| 10,8} 2,21] 10,6] 4,47] 4,06] 4,53] 4,80] 4,65] 10,8] 16,7] 11,6 
Ethane 125] 20,4] 4,03] 19,3] 9,28] 9:50] 9,53| 9,00] 9,33] 21,6] 33,7] 23,4 
Ethylene [1,10] 18,1] 3,24] 45,6] 6,82| 7,53| 8,45] 7,66| 7,62] 17,7| 23,2] 16,2 
Propane 130] 21,2] 4500] 19,2) 8,05] 7,90] 7,80| 8,50] 8,06] 18,7] 28,0] 19,4 
Propylene —_|0,35| 5,7] 4,71| 8,2] 3,50] 3,06 3,70] 3,40] 3,41] 7,9| 9,9] 6,9 
Butane 1,05] 17,2! 4,30| 20,6] 7,62] 7,45| 6,75] 7,45| 7,32| 17,0] 26,9| 18,7 
Butene-1 6,6] 4,35| 6,5] 2,98| 2,56| 2,34] 2,76| 2,66| 6.3| 5,5] 3,8 
6, 11]100,0] 20,84 | 10,0 | 42,72 | 42,06 | 43, 10 | 42,57 | 43,05 | 100,0| 143,9| 10,0 


Note: a gives the yield of gas in ml 
expressed in mole percent. 


Fig. 1. Flame-ionization 
detector. 1) The core of 
the central duct; 2) a nut 
for regulating the dis- 

tance between the nozzle 


and the electrode; 3) the 
base; 4) insulating teflon 
sleeve; 5) a stainless steel 
nozzle; 6) electric junc- 
tion to the nozzle; 7) 
crucible; 8, 13) a wire 
mesh; 9, 10) set screws; 
11) a junction to the re- 
cording electrode; 12) a 
T-joint . 


- 10° per 1 ml of liquid CeHy4; b is the same yield 


between the yield and the dosage. As one can see in Fig. 2 log P = log k + log D, 
ie., P= kD’, where ac, -C4= 0.92, ag, - C, (alkanes) = 0.92; ag, ~ c, (olefins) = 
= 0.88. Hence within the investigated range of small integral doses the yield of 
gaseous radiolysis products tends to deviate from a linear relationship. 


We would like to point out that within the investigated range of integral doses 
unsaturated compounds apparently undergo hydrogenation by thermal hydrogen atoms 
(we have assumed that the reaction takes place in the entire vapor phase and not just 
along the radiation path). 


20 


Fig. 2. The yield of gaseous products in the radiolysis of hexane 
as a function of the radiation dose. P is the yield of gaseous prod- 
ucts in ml of gas per ml of liquid n-hexane; D is the radiation 
dose in ev/ml. 


Certain workers [8] have ignored this reaction claiming that the stripping of 
hydrogen atoms from alkanes is the predominant reaction, 


+ CsHia— He + CoH, 


(1) 


By examining the rate constants of the corresponding gas-phase reactions [9] 
one can see that even at low doses, when the total concentration of unsaturated prod- 
ucts is still very low, the predominant reaction is the hydrogenation of olefins, 
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TABLE 2 


M(C=C)— MH’. 


Product Moles/100 ev} Mole % 

Methane 0.41 11.0 

Ethane 0.82 22.0 ky 5-108.15 

Propane 0.68 18.2 

Propylene 0.31 8.3 

Butane 0.65 17.5 Thus when the concentration of olefins in solution be- 

iadens~1 0.24 6.4 comes 2.5 - 107° moles/liter the rates of the two reactions be- 
3.73 100.0 come approximately equal. Hence the sharp deviations from 


From the experimental data given in Table 1 we have calculated the radiochemical yields, G-values (moles/100 
ev), for the gaseous radiolysis products; these are presented in Table 2. 


The G-values obtained by us, except for methane, are essentially close to those obtained by Futrell [10] but 
differ ffom those reported by Dewhurst [3]. The low G-value previously reported for methane [10] may be the result 
of different catarometer sensitivity with respect to methane and other hydrocarbons; this possibility was not examined 
in [10]. We would like to mention that Kunz [11] reported a G = 0.4 for methane. 
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linearity observed in the case of gaseous olefins (propylene and 
butene-1) can apparently be attributed to hydrogenation reactions (Table 1). It should be pointed out that under our 
experimental conditions most of the ethylene is in the gas phase. 
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In an earlier communication [1] we have shown that the sublimation rate of molybdenum trioxide depends on 
the level of emitted radiation. In the work reported here we have examined how the sublimation rate of Mo Os is af- 
fected by the introduction of various radioactive isotopes emitting radiation of different energies. We used the fol- 
lowing 6-ray emitters: ame (Em = 2.18 Mev), Mo” (Em = 1.23 Mev), and ws (Em = 0.43 Mev). Molybdenum 
trioxide samples containing Y” were prepared as follows: powdered MoO, was soaked in a fixed volume of an yttrium 
nitrate solution, dried, heated to a constant weight, and passed through a sieve; only the fraction with particles ran- 
ging in size from 0.25 to 05 mm was collected. The specific radioactivities of resulting samples were expressed 
relative to the amount of MoO; since the net yttrium content was negligible. Control samples of MoO; containing 
non-radioactive yttrium were prepared under similar conditions. 


Samples of MoO, containing w™ were prepared by adding a fixed amount of radioactive ammonium tungstate 
to an ammonium molybdate solution. After the solution was evaporated the solid residue was wetted with a few drops 
of HNO, to prevent any reduction of the hexavalent Mo and W and fired. Fractions with particles ranging from 0.25- 
0.5 mm in size were used. 


The way in which various amounts of Mo” are introduced into MoO; have been described before [1]. 


The apparatus used for the determination of the sublimation rate (Fig. 1) consisted of a vertical quartz tube (1) 
placed in an electric furnace (2). The upper part of the tube had a larger diameter and protruded above the fur- 
nace. A quartz jacket (3) with a ground joint at the top (4) was sealed inside the tube and a quartz coil spring (6) 
was suspended form a plug (5) fitting into the ground joint. A quartz crucible (7) was suspended from the spring on 
a quartz thread. A side-arm (8) was sealed to the upper end of tube (1) through which air or other gases could be 
introduced. The lower portion of the tube terminated in a vapor trap (9) cooled with liquid nitrogen. Stretching 
of the coil spring was observed by means of a cathetometer which was rigged up with an adjustable telescopic micro- 
meter enabling us to follow the level of indicator (10). The described quartz ballance had a sensitivity of 7: 10 a 
per micrometer division. 


The experiments were done in the following way. A weighed sample of the investigated material (~ 200 mg) 
was placed in the quartz crucible, suspended from the coil, and placed inside the tube. After the temperature was 
raised to 700 + 1° a stream of dry air or nitrogen was passed through the system at the rate of 10 ml/min. Changes 
in the weight were recorded eve.) ..our. The data thus obtained were used for constructing a sublimation curve. 

In each case a number represents an average of several parallel experiments. 


The experimentally determined sublimation rates of MoO, in the presence of Y™ are plotted in Fig. 2. The 
sublimation rates of samples containing non-radioactive yttrium or with an activity of only 1.0 or 2.0 mC/g remain 
practically unchanged. As the specific radioactivity is raised to 3 mC/g and higher the sublimation rate of MoO; 
changes appreciably. In each case the sublimation rate increases with time, since the removal of MoO, raises the 
specific activity of the residue. 


In Fig. 3 we have plotted the sublimation rates of MoO, containing w'® One can readily see that here again 
the radiation affects the sublimation rate of MoO,. The sublimation rates of samples with an activity of 5 mC/g 
and higher differ greatly from the rate in MoO, containing non-radioactive tungsten, and the difference increases 
with increasing activity. 
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When the sublimation rate of MoO* was investigated in the presence of Y* and W™ no radioactive material 
was detected in the sublimate. 


It is important to point out that the relationship between the specific radioactivity and the sublimation rate of 
MoO, detected in this work by using a quartz balance and passing a stream of gas over the crucible containing the 
sample (Fig. 4) does not differ from the results published before [1], which were obtained in an apparatus where the 
gas was passed through a MoO, layer. 


Hg 
fe) 5 
j g 
1 3 30h 
20} 
10+ 
< 4 ri 

0 2 4 6 hrs <0 2 4 6 hrs 


Fig. 2. The sublimation rate of MoO, Fig.3. The sublimation rate of MoO, 


samples labeled with the radioactive samples labeled with the radioactive 
isotope y". 1) MoO, containing non- isotope w. 1) MoO, containing 
I radioactive Y,03; 2) 4mC/g; 3) 6 non-radioactive WO; 2) 7 mC/g; 
mC/g; 4) 8 mC/g; 5) 10 mC/g; 6) 3) 10 mC/g; 4) 12 mC/g; 5) 15 
Fig. 1. The ab- 20 mC/g. mC/g. 
sorption used for 
studying the sub - In Fig. 4 we have shown how the sublimation rate of MoO, depends on the specific 
limation rate of radioactivity of the samples and on the type of radioactive material introduced. One must 
MoO. conclude therefore that different radiation energies affect differently the sublimation rate. 


It is interesting to note that the initial branches of all three curves coincide. This would 
indicate that small amounts of radioactive isotopes introduced into MoO, have very little effect on the sublimation 
rate. In the presence of W™, which has the lowest radiation energy among the isotopes used by us, a change in the 
sublimation rate of MoO, becomes noticeable when the specific radioactivity reaches 5 mC/g. After that the sub- 

limation rate slightly declines until an activity of 7-8 mC/g is attained. Sub- 


Hug sequent increase in the radioactivity gradually raise the sublimation rate of 
oo 4. MoO;. The mechanism responsible for this behavior is apparently similar to 
ny ‘ the one described before [1] for the case of MoO. 
@ The sublimation rate curve of MoO, containing various amounts of Mo” 
& 8 differs considerably from the sublimation curve of samples containing ”. 
| The sublimation rate undergoes an appreciable change at lower radioactivities. 
S " The minimum is also much more pronounced. At high specific radioactivities 
2 the sublimation rates of M&O; are also increased by a greater amount. When 
s 6 Y™ is introduced into MoOs, as soon as the specific radioactivity exceeds 3 
28 1 1 i mt mC/g the sublimation rate begins to rise without passing through a minimum 
mC/g as in the two cases where Mo” or was added. 
Specific radioactivity 

The absence of minimum in this case is apparently connected with the 
Fig. 4. The sublimation rate of fact that the high energy 8 -particles emitted by Y™ have a stronger effect 
MoO, as a function of the specific on the surface charge and ionize more readily the evaporation MoO, mole - 
radioactivity of various B -emit- cules, which are repelled by the positively charged surface, than in cases 
ters introduced into ee Senpe where radioactive isotopes of lower energy are used. 
5) Thus the sublimation rate of molybdenum trioxide depends on both 


containing y®. the radioactivity of the sample and on the energy of the radiation emitted 


Y 
Y 
“= 

Se 
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by the radioactive isotope introduced into the sample. At any given radiation level the higher the energy the great- 
er the change in the sublimation rate of MoO. It should be pointed out that the sublimation rate of MoO, can be 
altered not only by introducing a radioactive molybdenum isotope but also by introducing other radioactive elements 
into the solid phase. 


LITERATURE CITED 
1. -Vikt. I. Spitsyn and I. E. Zimakov, DAN, 139, 3 (1961).° 
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* The following corrections should be made in [1]: a) All the numbers in column 3 of Table 1 should be reduced 
by a factor of 10. b) all the numbers on the ordinates of Fig. 2, 3, and 4 should be reduced by a factor of 10. 
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In a number of earlier publications [1-3] dealing with the quantitative aspects of the discrete charge distribu- 
tion in ionic layers adsorbed on various interfaces the bulk phase electrolyte concentrations were assumed to be either 
infinitely large, in which case the potential drop in the diffusion layer could be neglected, or infinitely small, so that 
the potential gradient in the diffusion layer could be represented by a linear Poisson-Boltzmann equation. However, 
since in practice one usually has to deal with intermediate concentrations (between 0.01 and 1 moles/liter) it was 
interesting to attempt a quantitative treatment of the diffusion layer, taking into account electrostatic correlations 
and short range interactions between ions at bulk phase concentrations exceeding those used in the Guy -Stern theory 
by several orders of magnitude. The treatment attempted in this paper was based on the statistical theory of correla - 
tion functions developed by a number of workers [4-8]. Kirkwood and co-workers [5, 6] derived the correlation func- 
tions for the ionic distribution in the bulk of the solution and in the diffusion layer by expanding these functions in 
power series and selecting the charge of an arbitrary ion as the expansion parameter; this last choice not only aroused 
certain doubts as to the validity of the method but also made it impossible to determined how widely applicable the 
method itself is. 


We are going to show that if the diffusion layer consists of a medium with a rather large dielectric constant 
while the solid portion of the double layer is covered with a discrete layer of adsorbed like-charged ions Kirkwood's 
method will yield valid results if in the zeroth order approximation the parameter €, = cr’ (where c is the average 
electrolyte concentration, rg is the mean effective radius for short range interactions between ions of the electrolyte) 
and in the first order approximation €2 = e°c'l/DskT and e; = lerps (y)| /RT (where Dg is the dielectric constant 
of the diffusion layer, ‘ps (y) is the average potential in a plane where the ions of the diffusion layer approach 
most closely the interface). If we let 9 represent the fraction of the surface covered with the adsorbed ions, then 
for mono — monovalent electrolytes and an uncharged interface the discussed approximation is valid when c < 05 
moles/liter and 6 ~0.1. If the interface has a charge density q and the adsorbed ions have a charge Zp, then the 
condition that|q + e200/V 3y*| < 5 coulombs/cm?, where y is the half width of the solid portion of the double 
layer, must also be fulfilled. 


Using this approximation to calculate the space charge density in the diffusion layer and assuming that the 
adsorbed ions remain attached in one position we can determine the potential distribution throughout the entire space. 


Suppose the electrolyte solution lies in the region x > — 8, the solid portion of the double layer has a width 
6 = 8B + yanda dielectric constant D2, and the centers of the adsorbed ions lie in the plane x = 0. The potential 
distribution in such a system would have the form 


(x) = A1 (A) e**Jo (ARimn) (dielectric-solution), 
(x <—B) | mno 
= const (metal-solution); 


969 


| 
{ 
2 
co 


mno 
(—B<*<1) | 


mno 


+ Jy + 
+ M (x + B) + Yo (metal solution); 


AS) (A) {a (A) — 
(A) e822} (ARmn) Add» (dielectric-solution) 


AS? fa A) — 


{a (0) — 6(0)e~ (metal-solution) 


Here Jo(ARpn) is a first order Bessel function; * (y - +(z- the subscripts rn and n fix the 
position of the centers of the adsorption ions in the plane x = 0; the functions Ay (A), Az (A), Be (A) and tet (A) can 
be expressed in terms of simple but hard to evaluate parameters a(), b (A), &4 (A) and €,(A), where: 


a (A) = b() = ‘exp{ (ys — (1 —1)}; 


where x is the inverse Debye radius; yj are the complex roots of the equation y* — (xr) ch y = 0 which fall in the 
right hand half of the plane and in which the real component is minimum for a given Xr. For each y\0) = a, + iB, 
we must set up a corresponding function yj; = pj + iqj such that 


(Ve — Be -+ + 4028? + (a2 — + Ar?)}; 


= Va (V (a — — (a? — + 


The constants po, M, and C depend on yj and on other properties of the double layer. The functions expressing 
the corresponding relationships will not be given due to their complexity. 


Our calculations, which are in full accord with previously published results [1-3], indicate that if one assumes 


an arbitrary charge distribution in the adsorbed layer the potential drop in the solid portion of the double layer would 
be 


(dielectric-solution) 


(metal-solution) 
where o is the average density of the adsorbed charges. 
We also examined the behavior of the average potential 


(x) = Lim yo dy ae 


co 
mno 
fee) 

‘ps (r) = 

i 

1 
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and showed that at moderate bulk electrolyte concentrations(~ 0.5 molesAiter) the potential declines much more 


rapidly in the direction of the solution than would be expected from the Guy -Stern theory. This is well illustrated 
in the figure; 


(x) ps (*) 


Z (x 


where = (y) exp {—x(x —y)} is a potential obeying 
the Guy -Stern 


When xr = 1.03, by the time x* = 3 the function Z(x* ) has 
declined to0.5% of its value at x* = 0 and is about one tenth as large 
; as the corresponding value of Z{) (x* ). When rg = 1.15 the function 
1 re) 4 Z(x* ) oscillates weakly attaining the first zero at x*~ 2. Atx*~ 5 
the function returns to zero, but at the point of maximum deviation 
* 
The plots of 2%x* ) and Z(x* ). 1) The from zero in the range 2 < x ~ 5, where Z(x*) < 0, the function is 
7 we only 0.7% as large as it is at x* = 0; hence it can be assumed that the 
Guy-Stern law = 1.03); 2) 


= 1.03; 3) x19 = 1.15 potential inside the diffusion layer drops off within the distance of two 


For the case of either infinitely large or ifinitely small bulk concentrations our derivations reduce to the well 
known forms discussed before [1-3]. 
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Selenourea belongs to a series of compounds of the type (NH2)pCE, where E = 0,SandSe. A structural formula of 
the molecule is shown in Fig. 1. The nuclear magnetic resonance of both urea (NH2),CO [1, 2] and thiourea (NH2),CS 
[3, 4] have been analyzed. Intramolecular reorientation (internal rotation) was observed above 300°K in the case 

of urea and above 200°K in the case of thiourea. 


We examined the proton magnetic resonance of polycrystalline selenourea in the range from 77°K to room 
temperature. We also determined the second moment of the proton resonance absorption line as a function of tem- 
perature (see Fig. 2). 


From the low-temperature value of the second moment (in our case 18.2 oersted) we determined the distance 
between the two protons in the NH, group. Assuming that the N — H distance in compounds of this type is about 1 A 
(the assumption is borne out by a number of determinations [5, 6]), and using the Van Vleck equation [7] we find that 
the proton-nitrogen interaction contributes 2 oersteds to the second moment. The contribution of protons on adjacent 
NHa groups is much harder to determine since the crystal structure of selenourea is not known. It is safe to assume, 
however, that it is similar to that in thiourea. In that case protons of adjacent groups would contribute about 0.15 
oersted to the second moment. The remaining 15.85 oersted come from the proton-proton interactions in each NH 
group. On the basis of Van Vleck's equation this would correspond to a 1.75 A separation between the two protons in 
an NH, group, which is quite close to the corresponding distance in urea [8] and thiourea [6]. 


The decrease of the second moment from 18.2 to 6.9 oersted observed when the temperature is raised from 130 
to 180°K may either result from the rotation of the NH2 groups about the C — N bond or the rotation of the entire 
molecules about the Se — C axis. As is well known the reorientation of any atomic group decreases the second moment 
by a factor 


| 2 
k = "/,(8cos? 6 — 1), (1) 
where 9 is the angle that the proton-proton vector makes with the axis of rotation. It can be readily shown that if 
© = 30° the second moment is reduced from 18.2 to 6.9 oersted. Only the rotation of the molecule about the Se = C 
axis satisfies this requirement (see Fig. 1), since in the alternate rotation of an NH, group about the C — N bond the 
angle between the p — p vector and the rotation axis is 90°. We would also like to point out that the observed decline 
in the second moment could also be explained by assuming that the NH, groups oscillate about the C — N bond through 
+ 40° angle. However, we can reject this possibility as rather unlikely since Das has shown [10] that the probability 
of such large vibrational amplitudes is extremely small. 


From the temperature dependence of the second moment one can calculate the potential barrier hindering 
rotation in the (NHg),CSe molecule. Gutowsky and Pake [11] have shown that the relationship between temperature 
and the second moment can be expressed by the equation 


2nv c 
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where STig,, sTOt,, and S, (T) are the second moments at low temperatures (rigid), high temperature (rotating), and 
temperature T respectively; vu ¢ is the reorientation correlation frequency given by [10, 11] 


where vg is the hindered rotation frequency of a molecule with a moment of inertia I over a barrier of height V9; 
k is the Boltzmann constant; T is the absolute temperature. 


The moment of inertia of a selenourea molecule rotating about the Se = C bond, calculated on the assumption 


that the C — N and N —H bond-lengths are close to the corresponding interatomic distances in urea and thiourea, 
comes out I= 70.5 g . cm’, 


150 


Fig. 1. A structural formula of Fig. 2. The second moment of the proton mag- 
selenourea. netic resonance line of polycrystalline (NHg),CSe 
as a function of temperature. 


Using Equation (2) and the experimentally determined temperature dependence of the second moment we can 
get the correlation frequency v¢ as a function of temperature, Equating the resulting expression with Equation (3) 
we evaluate the height of the potential barrier Vo for any given 
moment of inertia. In Fig. 3 we have plotted the theoretical 
v(T) functions (based on Equation (3) ) for various Vo values 

and the experimental functions derived from Equation (2), One 
can see that the experimental data agrees well with the theoretical 
function when Vp = 6.0 + 9.4 kcal/mole. 


One can therefore state conclusively that at temperatures 
above 130°K the (NH2g)CSe molecules in crystalline selenourea 
undergo reorientation (rotation) about the C = Se axis. It should 
be pointed out though that the "rotation" is not a continuous 
process. As one can see from Equation (3) a selenourea molecule 
with an energy greater than Vg would have a hindered rotation 
frequency vg 8 10” cps. The reorientation apparently consists 
of frequent and very rapid molecular rotations through a 180° 
angle and less frequent rotations through angles 360° or greater. 
The correlation frequency v¢ actually represents a rotation 
averaged over all the molecules involved on the assumption 
that the rotation is even and proceeds with a frequency ve. 


Fig. 3. The temperature dependence of the 
reorientation frequency of (NH2»CSe mole - 
cules. 


The experimental data yield a correlation frequency of about 10‘ cps at 150°K and 10” cps at room temper - 
ature. Thus even at room temperature the lifetime of a molecule at rest exceeds by about 100 times the time a 
molecule spends rotating, while at 150° K the ratio between the two is 10°. 


The nature of the potential barrier hindering free rotation of selenourea is in itself of some interest. Even 
though in general the nature of such barriers is not too well understood in this particular case one might assume that 
the rotation of (NH),CSe molecules is hindered by intermolecular hydrogen bonding, NH ...Se. In favor of this 
assumption we can cite the fact that the calculated barriers for the rotation of thiourea and urea [2, 3] are 9 and 
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12.7 kcal/mole respectively. At the same time the NH . . . S hydrogen bonds in thiourea are known [8] to be weaker 
than the NH . . . O bonds in urea, In our opinion the observations are quite consistent, since one would expect strong 
NH , . . E, hydrogen bonds to be associated with high potential barriers hindering rotation in (NH,),CE molecules. 
Hence the potential barriers against rotation of selenourea determined by us, Vg = 6 kcal/mole, indicates that NH...Se 
hydrogen bonds are weaker than the NH... S and NH ... . O bonds in thiourea and urea. 


The author would like to thank V, F, Dvoryankin for providing the selenourea. 
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The absorption of water vapor on ion exchange resins has been under investigation for a number of years. Sul- 
fonic acid cation exchange rez*sns and strongly basic anion exchange resins have been most thoroughly examined 
[1-11]. However, relatively little work has been done on the adsorption of water vapor on weakly acidic carboxylic 
cation exchange resins [1, 11]; besides the hydrogen form only the Nat, K*, and NH,* forms have been investigated. 
Yet even the little data that is available in the literature indicate that the adsorption of water vapor on carboxylic 
cation exchange resins seems to differ from adsorption on sulfonic acid resins; the concepts normally invoked in ex- 


plaining the adsorption of water vapor on sulfonic resins [1, 2, 12, 13] fail to provide a satisfactory explanation for 
the absorption on carboxylic resins, 


‘ 


We have carried out an investigation of water vapor adsorption on two monofunctional cation exchange resins, 
a sulfonic acid KU-2 and a carboxylic KFU resins, in order to compare the two. Water vapor adsorption isotherms 
were determined by the isopiestic method [1, 14, 11]. There are two great advantages in using a vacuum apparatus 
with a MacBane quartz spring balance: 1) the adsorption equilibrium is attained much sooner, and 2) one can work 


with small amounts of material. That is why we have used this particular method in our determination of adsorp- 
tion isotherms. 


The vacuum apparatus was surrounded by an air-cooled thermostat with automatically regulated temperature. 
The isotherms of seven samples ranging in weight from 0.1 to 0.2 g were recorded simultaneously at 25°, The 
measurements were begun after all the water was removed from air-dried samples at ~ 40° in a vacuum apparatus 
evacuated to 10°° mm, Depending on the nature and the ionic form of the resin the pumping took from 1 to 3 days. 
The completeness of water removal was tested in several cases by noting how much more water was lost when the 


resin was dried in a desiccator at t « 100-110° (KU-2) or was left for 3-4 weeks over P20, (KU-2 and KFU), All 
three methods yielded compatible results. 


The exchange capacity of ion exchange resins in the hydrogen form was determined potentiometrically. KU-2 
resins containing 2, 10-12, and 24% of divinyl benzene (DVB) havecapacities of 4.90, 4.80, and 5.10 meq of dry 
resin respectively. The hydrogen forms of the two KFU resins, one with a swelling coefficient Ks of 4.5, the other 


3.8 (in 1 N NaOH), and a capacity of 5.70 meq/g of dry resin. The capacities of other ionic forms were calculated 
from these data. 


Under our experimental conditions the adsorption equilibrium could be attained within 4 hours if p/ps* was 
less than ~ 8, but it took 24 hrs or more to reach equilibrium at p/ps = 1. 


The relative experimental errors in the central portion of the isotherms (0.4 = p/ pg, = 0.6) did not exceed 
+ 0.5%; as the measured quantities became larger the errors declined even further; at low Phs ratios the errors never 
exceeded 4 5%, We obtained the adsorption isotherms of water vapor on three samples of the KU-2 sulfonic acid 


resin in the H* form differing in their DVB content (2, 10-12, and 24%) and also on KU-2 samples (containing 10-12% 
DVB) with different H*+/Na?* ratios. 


* p is the saturated vapor pressure; ps is the water vapor pressure over the ion exchange resin. 
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Fig. 1. Water vapor adsorption isotherms on the sul- 
fonic acid cation exchange resin KU-2. a) The Ht 
form with a DVB content of: 1) 2%; 2) 10-12%; 3) 
24%, b) Isotherms on partially neutralized resins: 
1) H* form; 2) 65% + 35% Na*; 3) 30% H* + 70% 
Na*; 4) Na* form. c) Various ionic forms: 1) Ht 
form; 2) Lit form; 3) Na* form. d) 1) H* form; 2) 
Mg** form; 3) Ba**+ form. 
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Fig. 2. Water vapor adsorption isotherms 
on KFU carboxylic cation exchange resins. 
a) The Na* form: 1) Ks = 4.5; 2) 3.8. b) 
Isotherms on partially neutralized resins: 
1) H* form; 2) 72% Ht + 28% Na*; 3) 
37% Ht + 63% Nat; 4) Na* form. c) Iso- 
therms on various ionic forms: 1) Ht 
form; 2) Li* form; 3) Cs* form; 4) Na* 
form. d) same asc: 1) H* form; 2) 
Mg** form; 3) Ba*+ form. 
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On the KFU carboxylic resin we determined the adsorption isotherms of two Na* forms with different swelling 
coefficients, 4.5 and 3,8 respectively in 1 N NaOH. On the KFU resin with a Ks = 3.8 we also obtained isotherms of 
the H*, Lit, Cst, Mg**, and Ba** forms. In addition to this isotherms were also determined on samples of this resin 
with different Ht/Na* ratios. 


The H* forms of our resins were prepared by washing the commercial products with 2 N HCl until the washings 
gave a negative test for Fe*** and removing excess acid with distilled water. 


All the other forms, except the magnesium, were prepared by treating the H* form with 1 N solutions of the 
appropriate chlorides and subsequently neutralizing the displaced H* with hydroxide of corresponding metals. To 
convert either resin into its Mg** form we washed the hydrogen form repeatedly with 1 N MgCl, until the pH of the 
equilibrium and the original solutions became the same. To prepare samples of the KU-2 resin with some of the Ht 
replaced by Na* we treated weighed samples of the H* form with solutions of 0.1 N HCl + 0.1 NaCl mixed in dif- 
ferent proportions. The percent of H* substituted by Na* was determined analytically from the change in the H+ and 
Na* concentrations in solution. To get a partially neutralized KFU resin we treated a weighed amount of the resin 
with a known volume of 1 N solutions containing various amounts of NaOH. The amount of H* replaced by Nat 
was determined potentiometrically. After filtering off the equilibrium solutions we dried the resins on filter paper 
and removed the salt film retained on the surface by briefly washing the resin with distilled water. Samples pre- 
pared in this manner were dried in air. 


The experimental results shown in Figs. 1 and 2 include only the adsorption branches of the isotherms. We 
would like to point out, however, that all the investigated samples yielded distinct either broad or narrow hystere- 
sis loops (see also [2, 8, 11]). In contrast with adsorption on ordinary porous materials, such as silica gel, the desorp- 
tion portions of our samples do not coincide with the adsorption branches until very small p/p, ratios are reached. 


One can see in Fig. 1 that all the isotherms on KU-2 are S-shaped. At first the water is adsorbed rapidly, then 
the isotherm becomes practically linear, and finally at p/p, > 0.6 the absorption rapidiy rises to its maximum. Figure 
1 shows that, as has previously been reported [1, 2, 4, 9], the more DVB in the resin the lower lies the corresponding 
isotherm. The isotherms on partially neutralized resins show that the higher the Na+/H* ratio the less water is ad- 
sorbed at a given p/ps. The isotherms on various ionic forms of KU-2 fall in the following relative orders: 


Ht > Lit > Nat and Ht > Mg?+ > Ba**, 


The order is similar to the hydration series of these ions in solutions of ordinary electrolytes [14]. This would in- 
dicate that a resin containing an ion which is most extensively hydrated in aqueous solutions will also adsorb the most 
water. This observation is in full accord with the results reported by other workers [1, 2, 4, 9]. Differences in the 
amount of water adsorbed by various forms of a resin are usually explained [1] by drawing an analogy between the 
hydration of cations in solution and in the resin phase. It was also assumed that in these systems the exchanging 
monovalent ions do not interact with the resin matrix. However, this assumption has been disputed by other workers 
[4, 5]. In the case of the Ba** form the possibility of ion-pair formation was considered [1] so as to explain the fact 
that the amount of water adsorbed by the Ba** forms is much smaller than one would expect from the hydration series. 


Thus despite a few minor discrepancies the adsorption of water vapor on sulfonic acid cation exchange resins 
finds a satisfactory explanation in the assumption [1] of a simple hydration of completely free cations in the resin 
phase. However, things look quite different in the case of carboxylic resins. 


Figure 2 shows that the KFU resin with a greater swelling coefficient adsorbs more water at high p/pg ratios, 
Here the similarity between KU-2 and KFU ends, The isotherms on carboxylic resins in which the H* ions are re- 
placed by various amounts of Na+ reveal that in contrast with the KU-2 resin the greater the Na*/H* ratio the more 


water is adsorbed by the resin. The KFU isotherms also fail to exhibit the sharp initial rise observed on the KU -2 
resins. 


The adsorption isotherms of water vapor on various ionic forms of KFU fall in an order exactly reverse to that 
observed on KU-2. The isotherm of the weakly dissociated H* form falls lower than any other. As far as the other 
forms of KFU resin are concerned differences in the amount of water adsorbed can be attributed to different degrees 


of interaction between the exchanging cations and the matrix anion, since the carboxyls will be polarized quite dif- 
ferently in the field of the cations. 
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Strong acids such as H,SO, are known to form hard to polarize “rigid” anions. Hence in the case of the KU-2 
sulfonic acid resin, where the formation of ion pairs is unlikely, the experimental adsorption data can be explained, 
as has been done before [1], by differences in the hydration of cations. But in the case of the KFU resin things are 
somewhat different. The carboxyl anion is apparently much more readily polarized in the cationic field, A Lit 

ion, for instance, which has a smaller ionic radius than Cs* should polarize the anionic resin much more extensively. 
As a result the resin should have fewer “free” cations in the Li* form than it would in the Cs*+ form and the amount 
of water adsorbed by the two forms of the KFU resin should be different. Our experimental results are in complete 
agreement with this argument. One might also assume that in this case changes in the number of "free" fons exert 

a greater influence on the adsorption of water by ion exchange resins than do differences in the degree of hydration 
of each ion. 


The argument can also be extended to the two divalent ions, Ba** and Mg**, and be used to explain the rela- 
tive position of the corresponding isotherms up to p/p, > 0.7. At larger p/pgs ratios the Ba** curve falls below the 
Mg** curve. The reason for this is not clear. 


The experimental results and their analysis thus indicate that simple ideas on the hydration of completely 
free cations in the resin phase [1] can not account for all the observations, particularly in the case of carboxylic 
resins, unless one takes into consideration the possibility of ion-pair formation involving the matrix anion and the 
exchanging cations. By showing how different cations interact with the resin one can account for all the results 
reported in this paper. 
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It has previously been shown [1, 2] that the displacements of the potential of a platinum electrode, observed 
in the absence of oxidizing agents and reducing agents when an electrolyte without surface-active properties, for 
example 1 N H,SO, is replaced by an electrolyte containing surface-active ions, indicate that adsorption of the 
latter takes place. The observed displacements of the potential can be interpreted with a certain degree of approxima - 
tion as adsorption potentials, if the surface is free from adsorbed hydrogen and oxygen, whose ionization distorts the 
results obtained [1]. In this connection the initial values of the potentials gy were chosen in the potential range lying 
approximately between 0.3 and 0.7 v. In the case of the adsorption of anions, however, the final value of the poten- 


tials falls in the hydrogen region, while the adsorption of cations displaces the potential into the region of the start 
of oxidation. 


In the present work we have studied the influence of adsorbed hydrogen and oxygen on the displacement of the 
potential, brought about by the specific adsorption of ions. The conditions under which the experiments were carried 
out differed slightly from those described earlier, as follows: the volume of the solution was brought to 1.2 cm®, and 
the purification of the initial solution and of the solution containing the ion to be adsorbed was carried out for a long- 
er peziod. These precautions resulted in certain changes in the observed adsorption displacements of the potential. 
Thus in the case of 107! N KI for an initial value of 0.6 v, Ay amounted to between —0.49 and 0.51 v, instead of 

the value —0.46 v obtained under the earlier experimental conditions, and for 10°! N KBr the value was — 0.38 v 
instead of —0.35 v. The difference in the case of thallium sulfate was more marked. For an initial value of y= 

= 0.3 v, Ag was equal to 0.465 v instead of 0.6 v in the earlier experiments. It is possible that complete reduction 
of the impurities — trivalent thallium or other oxidizing agents, which might increase slightly the displacement of 


the potential in the anodic direction — was reached only during the more prolonged purification on the platinized 
electrode. 


The first series of experiments was devoted to a study of the influence of the addition of surface-active ions 
to the solution on the potential of a hydrogen electrode. The test electrode in 1 N HgSO, solution was brought by 
polarization to the value of the reversible hydrogen potential. The same solution, containing a surface-active ion 
and saturated with hydrogen, was transferred by hydrogen pressure to the vessel containing the test electrode, after 
which the displacement of the potential with time was observed as hydrogen was passed through the solution. Figure 
1a gives the results for 0.01 N KI, All the potentials are given relative to the normal hydrogen electrode. It can 

be seen that in the presence of KI the potential was displaced in the cathodic direction by 0.018 v, but after 15-20 
minutes it returned to the original value of the reversible hydrogen potential. Analogous phenomena were previ- 
ously observed in the case of a Pd electrode [3]. The observed displacement may to some extent be brought about 
directly by the adsorption of the I~ ion, which displaces the potential to more negative values, but part of the dis- 
placement is undoubtedly related to the desorption, under the influence of the adsorbed I”, of the hydrogen adsorbed 
on the platinum. The desorbing action of I” on hydrogen adsorbed on platinum follows from the decrease in the 
length of the hydrogen arrest on the charging curves in KI solutions [1]. When desorbed, the hydrogen atoms are con- 
verted to molecular hydrogen and partly to H* ions, leading to a displacement of the potential in the cathodic direc- 
tion. After some time the increase in the concentration of dissolved hydrogen in the layer next to the electrode is 
smoothed out and the electrode potential returns to the equilibrium normal hydrogen potential for this system as a 
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result of the discharge of hydrogen ions from the solution. In the case of iodide the effects related to the desorption 
of hydrogen and to the direct effect of the adsorption of the I” ion are of the same sign. From this viewpoint it was 
of interest to examine the case of the T1* ion. The charging 
¥ curves previously obtained in a solution of thallium sulfate in- 
40 dicate desorption of hydrogen when T1* is adsorbed, as in the 
4 case where I” is adsorbed, but the sign of the adsorption poten- 
tial of T1* is the opposite of that of the adsorption potential 
of I. Experiment shows (Fig. 1, b) that at the reversible hy- 
drogen potential, TI* ions, like I” ions, first displace the hy - 
drogen electrode potential in the cathodic direction, after which, 
in 15-20 min, the potential returns to the initial value. Since 
the specific adsorption of T1* should increase the potential, 
the observed displacement can be attributed only to the de- 
sorption of hydrogen from the platinum surface; this desorp- 
tion is consequently of predominating importance under the 
experimental conditions. 


By varying the values of the initial potential in the range 
between the reversible hydrogen potential and 0.8 v, we ob- 
tain a series of curves for .he change in potential with time 
after replacement of 1 N H,SO, by 1 N H,SO, + 10 
Fig. 1. a) Displacement of the potential with In the case of positive initial potentials (Fig. 1, b) thoroughly 
time under the influence of the iodide ion at purified nitrogen was passed through the cell while the measure - 
the reversible hydrogen potential; b) the same ment in the cathodic direction was first observed, after which 
under the influence of the thallium ion at dif- the potential returned to more positive values. The decrease 
ferent initial potentials. in the energy of adsorption of atomic hydrogen as a result of 

the adsorption of T1*+ must evidently lead to its partial ioniza - 
tion, and also (so long as the original positive values of ¢g are not too high) to desorption in the form of H,. The ad- 
sorption displacement of potential of the T1* ion, which is of opposite sign is superimposed on the displacement of 
¢y in the cathodic direction as a result of the ionization of the adsorbed hydrogen; moreover, the Hz evolved is re- 
moved by the nitrogen. These two factors cause the potential to return gradually to more anodic values. 
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Fig. 2. The relationship between -Ag Fig. 3. The relationship between |A g| 
and the initial value of g for the T1* and the initial value of y for the Br~ 
ion (I) and the Cd** ion (II). ion. 


From an initial potential of 0.2 v, a displacement of ¢ in the anodic direction is observed; in other words, 
the adsorption displacement of the potential exceeds the effect related to the desorption of hydrogen, which can be 
neglected. When a value of y = 0.3 v is reached, a maximum value of Ag = 0.48 v is observed, and this reflects 
directly the change in the structure of the double layer under the influence of the specific adsorption of the T1* 
ion. With further increase in the initial values of y, the magnitude of A ¢ decreases, as a result of the decrease 
in the adsorption of the cation at more positive values of yg, and, more particularly, as a result of the fact that the 
final values of ¢ in this case lie in the region of potentials corresponding to considerable oxidation of the electrode 
surface; this is facilitated in the presence of the surface-active cations Tl+ and Cd’* [2]. The appearance of OH 
groups or O atoms on the surface is accompanied by the transfer of electrons to the platinum and the displacement 
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of the potential towards more positive values stops. Asa result of this, the curve giving the relationship between Ay 
and the original potential y with increase in ¢ (Fig. 2, I) passes through a maximum. Analogous curves are ob- 
tained for cadmium ions (Fig. 2, II) and bromide ions (Fig. 3). For T1* the maximum lies at 0.36 v, for Cd?* at 
0.32 v, and for Br at 0.7 v. 


In the interpretation of the nature of the observed |A y |, g curves, the following point must be remembered. 
If the platinum surface were free from adsorbed hydrogen and oxygen, the value of |A g| should have increased 
monotonously with increase in ¢ in the case of surface-active anions and decreased monotonously in the case of 
cations. When the influence of adsorbed hydrogen and oxygen are taken into account, slightly different conclusions 
are obtained for two different assumptions. 


1. The adsorption of the surface-active ion has no influence on the adsorption of hydrogen at constant poten- 
tial. As has been shown in [1] for the case of the I” ion, if this assumption is correct the presence of adsorbed hy - 
drogen should decrease the absolute value of Ag, It can readily be seen that this conclusion is equally applicable 
to the adsorption of cations in the hydrogen range. 


2. The adsorption of the surface-active ion decreases the adsorption of hydrogen at constant potential. As 
was shown at the start of the present article, such desorption should increase the value of |A yg] compared with that 
which would be expected in the first case for anions and should decrease even more the expected effect for cations. 
This explains the extremely sharp drop in the |Ag|, ¢ curve in the case of TI* as the hydrogen potential is ap- 
proached. In the case of the cd** jon, which does not decrease the hydrogen arrest on the charging curve [2] and 
hence does not desorb hydrogen, this drop takes place much more slowly. The same reasoning explains the relatively 
slow drop in |A | as the hydrogen potential is approached in the case of the Br~ ion. Analogous conclusions can 
also be reached with respect to the action of adsorbed oxygen. 


‘ = 


The peculiar features of the process at the very low initial values of g at which the hydrogen concentration in 
the bulk of the electrolyte becomes comparable with or exceeds its concentration at the surface were considered at 
the start of the present communication. 


I wish to thank Academician A. N. Frumkin for valuable advice during this work. 
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The influence of the nature of cations on anodic reactions has been observed for a number of electrochemical 
processes taking place at high anodic potentials, 


N, A. Izgaryshev et al. [1] studied the telationship between the yield of persulfates and perchlorates and the 
nature of the cations. In these works the influence of the cations was attributed to their dehydrating action on the 
anions, which depended on the radius and hydration energy of the cations, K. L. Il'in [2] attributed the influence of 
cations on the results of the electrolysis of chlorides in neutral media (without diaphragm) to the different solubilities 
of the electrolysis products. The adsorptive nature of the influence of cations on oxygen overvoltage was first pointed 
out by T. Erdei-Gruz and I, Shafarik [8], They suggested that the cations are attracted by the adsorbed SO?- anions 
and influence the discharge of water molecules by deforming them on the surface of the electrode. Ts'u Yung-Ts'ao 
and Mi T'ien-Ying [4] drew attention to the relationship between the kinetics of persulfate formation and the rate of 
evolution of oxygen and showed the range of potentials in which cations have the most marked influence on the oxy - 
gen overvoltage. 


M. Ya, Fioshin, Yu, B. Vasil'ev, and E, G, Gaginkina [5] found that in the electrolysis of acetate solutions, 
cations have an influence similar to that observed during the liberation of oxygen on platinum. 


The present work gives the results of a study of the influence of some cations on oxygen overvoltage in so- 
lutions of sulfuric and perchloric acids. Of particular interest is the study of the liberation of oxygen from perchloric 
acid solutions; this reaction is not complicated by side processes over a wide range of potentials. 


The polarization curves were recorded in a cell with anodic and cathodic compartments separated by means 
of a glass filter. The anode consisted of a platinum wire with diameter 95 and area 10 cm?. A platinum wire 
in the form of a spiral was used as cathode. The potentials were measured relative to a hydrogen electrode in the 
same solution. The hydrogen electrode was connected to the anode by a salt bridge, one end of which formed a 
capillary sealed into the anodic compartment. In addition to the usual polarization curves, we also recorded I- ¢ 
curves by the method described in [6], together with curves for the potential drop after the current was broken. 


Before the curves were recorded the anode was treated with dilute nitric and concentrated sulfuric acids, washed 
with water, and then subjected to anodic polarization for 30 minutes by a current of 6 - 10-° amp in 1 N H,SO4. When 
the polarization curves were recorded, each point was held for 2 minutes until a constant potential was reached. The 
acids and water used were purified beforehand by double distillation and the salts by recrystallization. 


In the case of perchloric acid solutions, the influence of the addition of Cs*, K*, and Ba** perchlorates was 
studied. Figure 1 gives the polarization curves recorded in 1.34 N HC10, with the addition of Cs+ and K* in dif- 
ferent concentrations. The curves in Fig. 1 show that the effect of these ions is shown predominantly in the region 
of the sudden increase in potential; only a very weak effect is observed at higher polarizations. In the presence of 
the cations, the potential jump is displaced towards lower current density values, the activity of cesium being great- 
er than that of potassium by almost a whole order of magnitude. With increase in the cation concentration, the 
transition from the lower to the upper branch of the polarization curve takes place more gradually; thus in a so- 
lution containing K* at a concentration of 10™ N it becomes possible to measure the intermediate points on the 
rising section of the curve. 
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Fig. 1. Anodic polarization curves for a plati- 
num electrode in solutions of: 1) 1.34 N 
HC104; 2) 1.34 N + 8 107° N KCIO, 
and 1.34 N HClO, + CsC10,; 3) 1.34 N 
HC10, + 2.5 - 10° N CsClOg 4) 1.34 N HClO, + 
+ 107 N KCIO,. 
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Fig. 2. Anodic polarization curves for a plati- 
num electrode, recorded with continuous change 
in the applied potential in solutions of: 1) 1.34 
N HC10,4; 2) 1.34 N HC10,4 + 2.5 - 10° NCsCl10,; 
3) 1.34 N HClO, + 107 N KC1O4, Curves 1',2', 
and 3" were obtained in the same solutions with 
polarization in the reverse direction. 


Figure 2 gives the I— ¢ curves recorded by applying to the electrodes, through a low-resistance potentio- 
meter, a voltage which increases linearly with time at a rate of 8 mv/sec, in pure 1.34 N HClO, solution (1) and 


solution containing Cs+ and K* (2 and 3), The curves in Fig. 2 
show that in the potential range 2.5-2.9 v a drop in the current 
is observed in the test solutions, indicating retardation of the 
evolution of oxygen. The effect of the cations is shown by a 
decrease in the current strength at a given potential; it is shown 
most strongly at the potential of the current maximum and dis- 
appears almost completely at considerable distances from the 
latter. When the curves are recorded from high current den- 
sities to lower values (curves 1", 2", 3"), a hysteresis loop is ob- 
served; the curve for the " reverse direction” has a plateau in 
the region of the potentials of the drop in current. 


The polarization curves recorded in 1.34 N HC10, solu- 
tions containing different concentrations of added barium per- 
chlorate are analogous to the curves obtained in the presence 
of Cst and K* ions. Like these cations, the Ba** jon shows the 
greatest influence in the region of rapid change in potential. 
If, however, we compare the concentrations of cations prod - 
ucing a displacement of the start of the potential jump to i= 
= 10°! amp/cm’, for example, it is found that Cs+ produces 
this displacement at a concentration of 2,5 - 10™* N, K* at 
107 N, and Ba** at 4- 107! N, i.e., cesium is almost 200 times 
more active than barium. 


The effect of cations on the oxygen overvoltage decreases 
with increase in the perchloric acid concentration. Thus in 3 N 
HC10, a displacement of the anodic potential is observed when 
Cs* is added at a concentration of 10% N. The K* ion has no 
effect at the same concentration. In 5.8 N HC1O,, even Cs* 
cations have no effect. 


In the case of sulfuric acid solution, polarization curves 
were recorded with the addition of Cst, K*, Na*, and Li* sul- 
fates in concentrations from 1 to 10 N, Figure 3 gives the 
polarization curves recorded in 5 N sulfuric acid in the pres- 
ence of cesium sulfate. The polarization curve for pure 5 N 
H2SO, is given for comparison. 


Figure 3 shows that the general picture of the pheno- 
menon in the case of sulfuric acid is the same as that for HClO, 
The relationship between the magnitude of the cationic effect 
and the current density is much less marked, however, and the 
actual changes in the slope of the polarization curve are also 
less marked. 


The curves obtained in the presence of K*, Na*, and Lit 
sulfates are analogous to the curves shown in Fig. 3. The ca- 
tions studied can be arranged in the following order of decreas- 
ing influence on the anode potential: Cst > K* > Nat > Lit. 
As an example table gives values of the change in the anode 
potential at a current density of 2 ° 107? amp/cm? when the 
cations under study are added to a solution of 5 N H2SO, in dif- 
ferent concentrations. 
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By measuring the curves for the potential drop after the current is broken [7], it was found that the capacity 
of a platinum electrode C in 1.34 N HClO, changes from 80-100 to 20 uf on going from potentials corresponding 


Cation 
concn. 
N 


0,53 10,39 | 0,18 0,06 
0,1 | 0,37 | | 0,09 | 
0,01 10,13 | 0,05 


to the lower branch of the polarization curve to 
potentials lying on the upper boundary of the jiwnp. 
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Fig. 3. Anodic polarization curves for a platinum elec- 
trode in solutions of: 1) 5 N 2) 5 N 


The experimental procedure and the calculation are 
described in detail in [7]. The measurements which 
we carried out in the presence of Cs* and K* cations 
in a solution of 1.34 N HClO, showed that the changes 


N C5SO4: 3) 5 N HySO, + 107! N CspSO,; 4) 5 N HSO, + in the capacity are parallel to the changes in the 


+1N 


polarization curves; as shown in Fig. 4, the more ac- 
tive the caticn, i.e., the more strongly the cation 


influence the oxygen overvoltage, the lower the values of the capacity at which drop on the C — logit curves is 


observed. 


On the basis of the accumulated data which have been obtained, it is possible to put forward the following 
explanation of the influence of cations, based on the theories of the nature of the potential jump given in [7]. The 
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Fig. 4. Curves showing the change 

in the capacity with current den- 

sity for solutions of: 1) 1.34 N 

HC10,; 2) 1.34 N HClO, + 107 N 

KC10,; 3) 1.34 N HC1O, + 2.5 - 
10° N CsC10,, 


appearance, on the surface, of adsorbed oxygen atoms and chemisorbed 
anions, forming dipoles with their negative ends turned towards the solution, 
makes possible the local adsorption of cations, in spite of the high positive 
potential of the electrode, In acid solutions the negative groups present on 
the platinum surface attract hydrogen ions; we may say that they acquire 
acidic character. When cesium, potassium, or barium cations are introduced 
into the solution,they replace the hydrogen ions partly or completely. The 
degree of replacement evidently increases with increase in the adsorbability 
and concentration of the cations and decreases with increase in the activity 
of the hydrogen ions of the acid. Since the effect of cesium is shown in the 
presence of such a large excess of hydrogen ions, the difference in their ad- 
sorbability in this case is evidently greater than in the case of adsorption on 
a negatively charged mercury surface. The replacement of the hydrogen 
ion by specifically adsorbed cations should increase the energy of adsorp- 
tion of the anionic groups in the same way as the presence of cesium in- 
creases the strength of adsorption of iodide on a mercury surface. The in- 
crease in the adsorption energy apparently leads to an increase in the strength 
of the surface chemisorbed layer and to a decrease in the rate of its break - 
down with the evolution of oxygen. As a result, the covering of the surface 
is completed at lower current densities; at the same time the repulsion be- 


tween the adsorbed cations causes the covering to take place slightly more slowly in the presence of alkali metal 
cations than in pure acid solutions. The influence of the change in the bond energy should be shown most strongly 
under conditions where the covering is approaching completion. The influence of the cation is therefore revealed 
primarily on the current density at which the potential jump takes place, while maximum covering of the surface 
by anionic groups creates the most favorable conditions for the adsorption of cations. Further increase in the poten- 
tial on the upper branch of the polarization curve should decrease the adsorption of cations. This adsorption should 
also be slightly less clearly defined on the lower branch of the curve before the potential jump takes place, in view 
of the lower concentration of anionic groups on the electrode surface. 
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The nature of molecular pictures (m.p.), i.e., the emission images produced on the screen of an electronic 
projector when small quantities of gases or vapor are condensed on points, is not yet clear. None of the hypotheses 
which have been put forward explain all the experimental data which have accumulated [1-4]. In order to under- 
stand the nature of molecular pictures it is necessary to know at least the following: the nature of the bond be- 
tween the molecules responsible for the observed m.p. and the surface, and their geometrical position on the latter; 
the mechanism of the transfer of electrons from the emitter to the molecule; the magnitude and nature of the change 
in the symmetry of the electron clouds of the molecules and the individual bonds in fields of ~ 1 + 10° v/em; and 
the nature of the interaction of the electron beam with the distribution of charge within the molecule. 


For obvious reasons it is at present impossible to obtain an answer to all these problems by carrying out direct 
or model experiments. We have chosen an indirect method of studying the influence of the electrical properties 
of the molecules, the influence of external factors (the temperature of the field and the pressure), and the influence 
of the nature of the surface on the form and behavior of the m.p. of an extensive range of materials. 


This article is devoted to the last problem, i.e., to an experimental study of the influence of the electronic 
type of the solid (metal, semiconductor, dielectric), crystallographic nonuniformity, and surface relief on the form 
and behavior of the m.p. The other problems will be examined in latter publications. 


The influence of the electronic type of the emitter. In the study of the adsorption of CO), divinyl, and fer- 
rocene on Si and Ge points, a control tube with tungsten point was sealed on in parallel. The experiments showed 
that the forms of the observed molecular pictures on these semiconductors were the same as those observed on the 
metallic tungsten point and showed the same behavior. In the case of Ge and Si, however, the number of m.p. and 
their contrast with the surrounding background were lower than on W (see Fig. 1). 


In another series of experiments the tungsten point was kept in an atmosphere of N, or O, before C3F, was 
applied. It is known that this treatment leads to the formation of a strongly-held chemisorbed layer which saturates 
completely the free bonds of the surface atoms. It was found that the form of the m.p. is independent of whether 
the underlying adsorption layers are formed by C3F, inolecules or by the molecules of the residual gases. At the 
same time the contrast of the m.p. is a maximum in this case. This indicates that the contrast depends on the work 
function of the emitter. Finally, the action of heat on a tungsten point in an atmosphere of Q, in an applied anodic 
field leads to the formation of a surface covered with crystallites. These crystallites collect in the light regions 


around 100 and 110. The forms of the m.p. on these projections* are identical with those observed on a clean tung- 
sten surface. 


The influence of crystallographic nonuniformity. In experiments on the adsorption of different gases on W 
and H, and divinyl on Ge, no difference was observed in the behavior or forms of the m.p. on faces with different 
densities of packing or with different work functions.** At first, certainly, the m.p. are most frequently observed 
around 111 and 100 (=), where the frequency of their appearance is higher, This tendency, however, is more prob- 


* According to Gomer [5], these crystallites are oxides (WO ). In the absence of a field, WO, is a dielectric. 
** Melmed and Muller recently confirmed this for 10 metals [1]. 


ably related to the higher emission power of these regions and the lower local radii of curvature, which, according 
to the ionograms obtained [6], are shown by these faces. As covering proceeds (particularly in a strong field), re- 


Fig. 1. a) Hg on Ge. Only simple discs are observed. The con- 
trast between the m.p. and the background is weak; b) ferrocene 
on an Si emitter from which the oxide film had not been removed. 


distribution of the adsorbed layer takes place and judging by the emission picture, the surface is uniformly covered 
with m.p. 


The influence of surface microrelief. Experiments on the adsorption of O2, Ng, H, and CF, on tungsten points 
reformed in the field confirm that the m.p. appear predominantly on the regions with smaller radii of curvature. On 
these projections, which according to [7] have a height of up 
to 12 A, the course of the adsorption differs from that de- 
scribed for atomically smooth planes. The m.p. may appear 
even atp < 1: 10-’mm Hg. The m.p. themselves are larger 
and their concentration is so high that the m.p. from two 
neighboring molecules are often not resolved. 


Analogous results were observed for adsorption on the 
above-mentioned ridges, formed when the point is reformed 
in an atmosphere of oxygen or with heating in hydrocarbon 
vapors, In the study of many complex or easily-decomposed 
organic compounds (for example CS,), it was found that 


1 

Fig. 2. Possible cases of submicroprojection parasitic projections are themselves formed during the ob 

servations. The low temperature at which these projections 
formation on the surface of an emitter: a) CF, Pe 

disappear (< 800°K) evidently shows that they are formed by 
molecule adsorbed above layers strongly held 

decomposition products. The behavior of the m.p. on the 
to the surface; b) Q, molecule adsorbed on a ieee E 

; parasitic projections, particularly in the case of the adsorp- 
lattice projection; c) large phthalocyanine 
“ A tion of large linear molecules, is more complex, and the fre- 

molecule (14.5 A) adsorbed “upright” on a 
oliein tblaes quency of disappearance of the interconversions of the m.p. 


for a given pressure is here much higher than on the flat regions, 
The images fit into one another and their shapes are often con- 
siderably distorted. Sometimes very complex shapes are observed, but the low life-time makes it difficult to deter - 
mine exactly their shapes and interconversions, In the case of the adsorption of benzene it was observed that the 
number of "rosettes" on this projection was higher than on the flat regions. In the experiment with toluene the volt- 
age necessary to maintain a constant current decreased with the growth of one parasitic projection. At the end of 
the experiment the anodic voltage amounted to only 1.1 kv (I= 5 - 10°’ amp) compared with 14.5 kv at the start. 


The m.p. became less sharp with the growth of the projection and at 1.1 kv separation of the lobes of the "two- 
leaved pattern" could no longer be observed. 
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Thus the crystallogeometric nonuniformity of the surface and the electronic type of the emitter were found to 
have no influence on the form and behavior of the m.p., whose contrast relative to the background increases with the 
work function of the emitter. Only the surface microrelief has a significant influence on the shape and behavior of 
the m.p. It is most natural to relate this influence to the local intensification of the field close to the microprojec- 
tions, and also to the change in its symmetry. The high brightness of the m.p. can in fact be attributed either to 
the lower local work function at the point of adsorption of the molecule or to the presence of a a stronger local field. 
Since active gases increase the work function, the first explanation is inapplicable and we are left with the con- 
clusion that a necessary condition for observing m.p. is the presence of a strong local field around the molecule. Al- 
though under the conditions of a strong field the formation of microprojections by the molecules themselves can be 


assumed,* the existence of lattice projections facilitates their formation. Figure 2 shows three possible cases where 
a strong local field is created around a molecule. 


In conclusion the author wishes to thank Corresponding Member, USSR Academy of Sciences S, Z, Roginskii 
for valuable advice and assistance with the work. 
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* The formation of these projections will be considered in a later publication. 
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SIGNIFICANCE OF ABBREVIATIONS MOST FREQUENTLY 


FIAN 

GDI 

GITI 

GITTL 

GONTI 
Gosenergoizdat 
Goskhimizdat 
GOST 

GTTI 

IL 


ISN (Izd. Sov. Nauk) 


Izd, AN SSSR 
Izd. MGU 
LET 

LETI 
LETIIZhT 
Mashgiz 
MEP 

MES 
MESEP 
MGU 
MKhTI 
MOPI 

MSP 

NII ZVUKSZAPIOI 
NIKFI 
ONTI 

OTI 

OTN 
Stroiizdat 
TOE 
TsKTI 
TsNIEL 
TsNIEL -MES 
TsVTI 

UF 
VIESKh 
VNIIM 
VNIIZhDT 
VTI 

VZEI 


NOTE: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. —Publisher. 
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